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Abstract 
Gas atomized magnesium powders are critical for the production of a wide variety of flares, 
tracer projectiles, and other munitions for the United States military, along with a growing number of 
applications in both alloying and powder metallurgy. Gas atomization of magnesium is performed by 
numerous companies worldwide, but represents a single point failure within the United States as there 
is only one domestic producer. These powders are pyrophoric and must be handled carefully and kept 
dry at all times. Recent studies have explored the ability of certain fluorine containing cover gases to 
protect molten magnesium in casting operations from excessive vaporization and burning by 
modifying the native oxide (MgO) through interaction with these gas atmospheres. The present study 
sought to adapt this melt protection strategy for use as an in-situ passivation technique that could be 
employed to form a protective reaction film during gas atomization of magnesium powders. This 
fluorinated oxide shell was intended to provide superior coverage and adherence to the underlying 
metal, which may improve the ability of powders to resist ignition at elevated temperatures and 
during powder handling. Two candidate gases were tested in this research, SF6 and NF3, and reaction 
films of both were produced on miniature melt samples in a controlled environment and characterized 
using auger electron spectroscopy and x-ray photoelectron spectroscopy. Ultimately, SF6 was chosen 
to conduct a small scale magnesium atomization experiment for verification of the fluorination 
reaction and to experimentally test the ignition temperature of these coated particles compared to 
other magnesium powders available today. This novel passivation technique was found to be far 
superior to magnesium’s native oxide at resisting ignition and, thus, to reduce the hazard associated 
with handling and transport of magnesium powders for defense applications.  If fully commercialized, 
this passivation method also may open up a new arena for powder metallurgy processing of structural 
parts from Mg and Mg alloy powders.   
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Chapter 1: Introduction 
Passivation of magnesium is a difficult issue that faces any operation dealing with the melting 
and handling of molten magnesium. Magnesium’s high vapor pressure and pyrophoricity at high 
temperatures make it extremely reactive when in contact with air and water, causing casting 
operations to be difficult to execute safely and effectively. There have been a number of different 
approaches to magnesium melt passivation. Salt fluxes have been added to molten magnesium to 
form a thin, impervious layer on the melt which prevents any reaction with the ambient atmosphere. 
While effective, this approach has some drawbacks. Melt loss due to metal entrapment in the flux 
sludge, corrosive and toxic by-products of the metal-flux reaction, and the need to continuously add 
flux to maintain a protective surface layer are all reasons that this method can be dangerous and 
undesirable. (1) 
 Small additions of elements such as beryllium have been used to slow the onset of oxidation, 
but do not completely prevent the reaction from occurring. Inert atmospheres have also been used to 
displace the ambient air atmosphere above a magnesium melt, but this approach does not form a 
protective film on the metal and may not stop the continuous vaporization of the metal while in the 
molten state. (1) Studies of inhibiting agents such as sulfur dioxide (SO2), boron trifluoride (BF3), 
sulfur hexafluoride (SF6), and hydrofluorocarbons have led to some promising technical advances. 
Due to the toxicity of SO2 and BF3, they have been abandoned by industry, but non-toxic compounds 
such as SF6 have come into widespread use as inhibiting agents. Typically, only a small percentage of 
inhibiting gas, from 0.1 - 1%, is mixed into a carrier gas such as argon or dry air in order to achieve 
passivating characteristics. (2) 
 The same concerns regarding pyrophoricity and vaporization that are being dealt with in the 
die-casting industry are also of great concern to those manufacturing magnesium powders. The work 
done in this study focuses on adapting cover gas technologies used in the die casting industry for the 
purpose of in-situ passivation of gas atomized magnesium powders. Previous work with cover gases 
has focused on longer timescales that reflect conditions seen in casting industries where magnesium 
may remain molten for minutes or even hours. Continuous melt protection for this length of time can 
lead to protective layers that are microns thick. (2) Gas atomization provides only fractions of a 
second during which the metal must be passivated, and the ideal protective shell thickness would be 
on the order of a few nanometers thick.  
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 Sulfur hexafluoride and nitrogen trifluoride were both used in this study to conduct smaller 
scale trials on magnesium samples to evaluate passivation capabilities over very short timescales. The 
former was used because it has already been widely adopted in industry, and the later was chosen 
because of previous success both in passivating magnesium (3) and as a passivating gas for gas 
atomized rare-earth magnet powders. (4) Reaction films created by both gases in small scale trials 
were studied before choosing the atmosphere which performed best and conducting a trial gas 
atomization run. To further promote the safety of magnesium gas atomization experiments, the target 
particle size was set above 200 μm in order to maintain a relatively small surface to volume ratio in 
the resulting powder. Other provisions to mitigate risks were included in the experimental design as 
well. It is hoped that this study can increase knowledge of the ability of fluorine containing gases to 
quickly produce protective films on magnesium and how these films can be implemented to make the 
practice of magnesium gas atomization safer. 
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Chapter 2: Literature Review 
Magnesium Properties and Applications 
Magnesium is an alkaline earth metal with the atomic number 12, and is the seventh most 
abundant element on Earth, accounting for approximately 2.8% of the planet’s mass. In the known 
universe, magnesium is the ninth most abundant element. It is produced from sea water, brines and 
magnesium-bearing minerals. Magnesium is essential to both plant and animal life as a mineral 
nutrient. Of the alkaline metals, it is one of the most useful due to its relatively high electrical and 
thermal conductivity, low density, and possessing enough strength to be useful in structural 
applications. It is best known as a light metal, having a density of 1.74 g/cc, far below even 
aluminum’s density of 2.70 g/cc. At room temperature, magnesium has a hexagonal close-packed 
crystal structure. (5) 
Magnesium is used in numerous applications, but primarily as an alloying addition with 
aluminum, which represents 40-45% of the total demand, and improves the strength and corrosion 
resistance of aluminum with relatively small additions. The 5000 series of aluminum alloys contain 
up to 5.5% magnesium and are known as marine alloys due to their excellent corrosion resistance. 
Magnesium is also used in foundry work, which represents another third of the demand for the metal. 
(6) Die castings of magnesium find many applications in the automotive industry where reduced 
weight and high strength to weight ratio are strong motivating factors for incorporating magnesium 
into vehicle designs as much as possible. In the steel industry, magnesium’s high affinity for sulfur 
makes it useful as a desulfurization agent to greatly reduce sulfur content, and its deleterious effects, 
in steel. Magnesium is also utilized in the Kroll process to reduce titanium tetrachloride to a titanium 
sponge. (5) 
There are many benefits to using magnesium as a structural metal or alloy base including 
machinability, dimensional stability, damping capabilities, and recyclability. Production of 
magnesium has continued to increase over the past decade as improved alloying and heat treating 
practices have allowed for the development of magnesium alloys that can be used to create light but 
strong structural components. (6) This trend of increasing production can be seen in Figure 1, which 
also illustrates the dominance the Chinese have in the primary magnesium market. Most other 
producers of magnesium have remained at relatively static production levels over the past decade. (7) 
4 
 
 
 
 
There are a few drawbacks to magnesium when compared to its main competitor in the light 
metals market, aluminum. Despite its abundance, magnesium is more costly because no process has 
been invented for the production of magnesium that is as efficient as the Hall Process which is 
commonly used for aluminum production. Pure magnesium is also less corrosion resistant, lower 
strength, and less ductile than aluminum. The standard potential of magnesium’s electrode reaction is 
-2.363 V, making it the most anodic of the common metals and thus highly chemically active. This 
reactivity renders magnesium very susceptible to corrosion when in contact with more noble metals. 
Exposure of such a galvanic couple to water can lead to very rapid corrosion of magnesium. (5) 
Liquid magnesium, or finely divided solid magnesium can ignite and burn with a white-hot flame 
upon exposure to air or water. Magnesium will react with both O2 and N2 in air to produce MgO and 
Mg3N2, respectively. In the case of exposure to water, magnesium will dissociate water molecules and 
evolve of flammable hydrogen gas. These reactions are exothermic in nature, and produce enough 
heat to self-propagate and create a sustained flame. (8) 
Magnesium powders have applications in numerous applications such as signal flares, 
fireworks, military illuminating and infrared countermeasure flares, propellants, and powder 
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metallurgy. (9) The powder is a critical component in over 30 military applications. In the United 
States, Hart Metals Incorporated in Tamaqua, Pennsylvania is currently the only producer of gas 
atomized magnesium powders. Hart Metals utilizes a high pressure gas atomization procedure 
executed under an inert atmosphere to avoid the potential for dangerous pyrophoric reactions between 
molten metal droplets and air or moisture. (10) Similar systems exist in other locations worldwide, 
including one used by Kim, et al. in their work on gas atomized magnesium powders in the Rare 
Metal Center at the Korea Institute of Technology. (11) Similar reactivity issues affect the magnesium 
die-casting industry which has lead to extensive research on methods of protecting magnesium from 
spontaneous ignition during melting operations and suppressing magnesium vaporization resulting 
from the metal’s extremely high vapor pressure. 
Magnesium Oxidation 
There have been many studies on the oxidation of magnesium and other reactive or 
oxidation-prone metals conducted over the past century. One of the foremost was published by 
Pillings and Bedworth in 1923, who proposed a critical volume rule for predicting the protective 
characteristics of oxide coatings. (12) This critical volume rule is shown in Equation [ 1 ], where V is 
the volume, M is the molecular weight, n is the number of metal atoms per molecule of oxide,  and ρ 
is the density. Based on this ratio, materials can be separated into two groups: those which can be 
expected to form protective oxide layers, and those that should not. A Pillings-Bedworth (P-B) ratio 
of 1 indicates the volume of oxide formed equals the volume of the metal consumed in its creation. In 
this case, the surface of the underlying metal will be completely covered. An oxide with a P-B ratio 
from 1-2 is considered to be protective. (12) 
    
    [ 1 ] 
 
Oxides which have a P-B ratio < 1 form layers which do not sufficiently cover the metal 
substrate and allow for continued oxidation. These oxide coatings appear cracked when viewed under 
a microscope. Conversely, an oxide with a P-B ratio >2 is potentially subject to spallation due to the 
great increase in volume caused by its creation, and will also allow for continued oxidation. These 
oxides can also be extremely porous and provide no barrier to the diffusion of oxygen to the base 
metal, or vice versa. (12) Table 1 provides a set of P-B ratios for various elements. Those which are 
below 1, and thus predicted to be non-protective, which includes magnesium, are in bold. (12) 
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Table 1 Pillings-Bedworth ratios for various metals 
 
The P-B ratio for magnesia on magnesium is 0.84, suggesting that the oxide layer will not 
fully cover the underlying metal. Pillings and Bedworth also noted that the oxide layer of magnesium 
does not appear to impede oxidation at higher temperatures. This was confirmed experimentally at 
500 °C but reproducible results were difficult to attain due to the high vapor pressure of magnesium. 
(12) 
Work on the oxidation of magnesium within the range of 400-500 °C was conducted by 
Gulbransen using a vacuum microbalance. In this work, the initial evaporation rate of magnesium was 
measured at a given temperature. The sample was then exposed to a partial pressure of oxygen and 
allowed to oxidize before evacuating the chamber again and measuring the final evaporation rate. It 
was found that films formed at 450 °C and lower demonstrated a decreasing rate of oxidation with 
time and were protective against evaporation of magnesium after oxidation. Films formed at 475 °C 
and higher followed a linear oxidation growth rate and did not inhibit evaporation of the sample after 
oxide film formation. (13) These observations mesh reasonably well with a text by Kubaschewski 
which states that the native oxide layer of magnesium is protective up to 400 °C. (14) 
Gulbransen also showed, using a series of experiments with inert gas at increasing pressures, 
that the evaporation of magnesium is suppressed by the oxidation process. With 7.0 mm Hg of argon, 
the sample did not show any weight change, while under 10^-6 mm Hg of argon a sample of 
magnesium showed a large weight change. Therefore, the magnesium atoms are prevented from 
escaping the sample by collisions with argon atoms. In the case where oxygen is present, the 
oxidation reaction would take place as a result of this collision, leading to film growth and weight 
gain. (13) 
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There have been multiple proposed mechanisms for the oxidation of solid magnesium at high 
temperatures. Leontis and Rhines noted that at temperatures above 450 °C, a porous and powdery 
oxide layer was formed. At higher temperatures, some films possessed a thin, dense outer layer and a 
porous inner layer. They proposed that at lower temperatures, and during the initial stages of high 
temperature oxidation, magnesium forms a protective oxide film. At higher temperatures, above 
approximately 450 °C, this film will reach a critical thickness and begin to crack or disintegrate 
spontaneously. This allows for a continuous reaction with oxygen and thus a linear oxidation reaction 
will occur at the metal surface. At still higher temperatures, the vaporization of magnesium is so great 
that the reaction will occur some distance from the metal surface and produce a flame by combustion. 
(15) 
A study by Gregg and Jepson attempted to further understand the stages of magnesium 
oxidation and the effect of moisture on this process. The reaction was proposed to occur in several 
stages. Upon exposure to dry oxygen, the room temperature film thickens but the rate of oxidation 
decreases with time. Subsequently, the film will begin to crack during what was called the “induction 
period” and the rate of oxidation will increase. The film then reaches a condition where the cracking 
and thickening occur at the same rate and oxidation proceeds in a linear fashion. At higher 
temperatures, above 525 °C, a “breakaway” occurs where the oxidation rate of the metal increases 
rapidly. This represents a complete breakdown of the film so that metal in exposed and sublimes to 
react as a vapor with oxygen. It was determined that the presence of moisture lowers the maximum 
temperature at which the film remains protective, shortens the “induction period,” increases the rate 
of linear oxidation, and inhibits the second breakaway. (16) 
Magnesium Cover Gases 
The concept of using a passivating gas for the protection of molten magnesium from rapid 
oxidation originated in 1932 with a patent by Hans A. Reimers. (17) Up to this point there had been 
other methods of protecting molten magnesium from reacting with an ambient air atmosphere, 
including the use of a flux in combination with sulfur to inhibit oxidation. While this method was 
effective, it often resulted in contamination of the magnesium melt by the applied flux. (17) 
Displacement of an ambient atmosphere with another gas such as nitrogen or carbon dioxide had been 
proposed for some metals, but in the case of magnesium these atmospheres could not be counted on 
to inhibit interaction as the molten metal would react with these gas species as well. Reimers 
proposed the use of gases containing either elemental fluorine, or some combined form of fluorine, to 
create a protective atmosphere over magnesium being held at a temperature above the melting point. 
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The substance must have a sublimation point above 400 °C, so as to be gaseous at process 
temperatures, and could be used in conjunction with a diluents gas if necessary. (17) 
In his thesis, Fruehling conducted a survey of potential passivating atmospheres for molten 
magnesium. Using a resistance furnace, a charge of magnesium was heated to anywhere from 660 °C 
to 720 °C then exposed to a carrier gas and sometimes an inhibitor as well. Carrier gas atmospheres 
tested were air, carbon dioxide, nitrogen, and argon. It was found that while inert atmospheres 
prevented the creation of a porous oxide film, they did not prevent the vaporization of magnesium. 
For this reason, a second gas was mixed in to inhibit vaporization. Inhibiting agents included in the 
study were sulfur dioxide, boron trifluoride, sulfur hexafluoride, and water. (1) 
Carrier atmospheres of air with small amounts of sulfur dioxide (0.2%) and sulfur 
hexafluoride (0.03-1.0%) were observed to form thin, protective films on magnesium alloy AZ91B 
after one hour at temperatures ranging from 621-677 °C. Films formed with sulfur hexafluoride (SF6) 
were observed to be tough and protective at both 660 and 690 °C. Some wrinkling was seen of these 
films, but no cracking was present. Scanning electron microscope images of film surfaces formed at 
660 °C under an atmosphere of air + 0.07% SF6 at various exposure times are shown in Figure 2. A 
minimum concentration of 0.02% SF6 was required at 660 °F, and 0.05% at 690 °C, to form a 
protective film. At temperatures of 720 °C, concentrations up to 1% SF6 did not form protective films 
on molten magnesium. (1) 
While SF6 is not toxic, and in fact is quite inert in most cases, some of the related compounds 
are very toxic. These include sulfur tetrafluoride (SF4) and disulfur decafluoride (S2F10). Sampling of 
the atmosphere above the passivated magnesium melt did not detect the presence of either of these 
compounds. Ultimately, Fruehling reported film growth rates of less than 1 micron/hr for melts of 
pure magnesium for temperatures between 660 and 690 °C, accounting for a total weight gain of less 
than 0.10 mg/cm
2
-hr. (1) These values are comparable to those reported by Leontis and Rhines for 
pure magnesium in air at just 575 °C (15), demonstrating a significant retardation of oxidation at 
higher temperatures when using SF6 as an inhibitor in air. 
The ability of SF6 to act as an inhibitor to the rapid oxidation of molten magnesium led to 
widespread adoption of cover gases by the magnesium casting industry. Large melts of magnesium 
could be protected from oxidation and melt loss through vaporization by purging the atmosphere 
above the liquid metal with air and a small percentage of SF6 to form a thin, protective film as a 
barrier to both oxygen diffusion into the melt and metal evaporation. 
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Figure 2 reaction films formed at 660 °C under air + 0.07% SF6 
 
Protection Mechanism of SF6 
 In the early twenty-first century, multiple research groups began to dig deeper into the 
protective mechanism of SF6 and other fluorine containing gases on magnesium melts. By better 
understanding the way in which these gases modified the native oxide of magnesium metal to make it 
less susceptible to burning, it would be easier to understand what characteristics are needed in a more 
environmentally friendly replacement cover gas.  
In his survey of protective atmospheres and agents for magnesium melts, Fruehling noted that 
there was little correlation between the film composition and whether or not it was protective. Films 
formed under low concentrations of SF6 were composed mainly of MgO, and not until 1% SF6 was 
used did MgF2 begin to appear in reaction films. (1) This did not seem consistent with the free energy 
changes of the proposed reactions of MgO formation and the reaction of Mg with SF6 to form MgF2. 
Additionally, despite the indication that CF4 would be a good protective agent for magnesium because 
of the large change in Gibbs free energy associated with its reaction, it was found that CF4 formed no 
layer at all. For this reason, Fruehling proposed that SF6 does not chemically react with the 
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magnesium surface in order to protect it, but rather interacts through adsorption on MgO. (1) The 
reactions mentioned above are shown in Figure 3. 
 
Figure 3 proposed reactions from Fruehling's thesis 
Cashion, et al. composed multiple articles on the subject of passivation of molten magnesium 
using fluorine containing gases. In one of their articles, they used a small clam shell furnace to melt 
samples of magnesium, approximately 10mm in diameter, then cut them in half with a scraper while 
molten and expose the nascent magnesium surface to a given composition of gas. These samples were 
allowed to react with the protective atmosphere for anywhere from 1-100 minutes and then lowered 
into a cooling chamber purged with argon. Figure 4 shows a schematic of the apparatus used to 
perform the experiments. (2) Surface analysis techniques including X-ray photoelectron spectroscopy 
(XPS) and auger electron spectroscopy (AES) were used to analyze the composition of the films 
formed during these trials. Depth profiling was also performed using an argon beam to etch away the 
surface film and then perform AES composition measurements after each etch cycle.  
 
Figure 4 experimental apparatus used by Cashion et al.  
Cashion made a number of observations regarding the effect of cover gases on the 
composition and thickness of protective films formed. Surface analysis of the films after reacting with 
a cover gas did confirm the presence of fluorine, verifying some interaction between magnesium and 
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SF6. It was noted that no sulfur was present in the film, despite the fact that SF6 molecules would 
need to dissociate in order to form a fluoride phase. (2) Trials were also conducted to test the effects 
of reaction time and cover gas concentration on the film composition. Increasing the exposure time of 
the magnesium sample to the cover gas did not appreciably alter the relative compositions of 
magnesium, oxygen, and fluorine on the sample surface. When the amount of SF6 in the gas mixture 
was increased from 0.1% to 1.0%, however, the ratio of fluorine to oxygen increased after the same 
length of exposure to each concentration. (2) 
One of the most intriguing results reported by Cashion in this paper was the depth profile 
analysis of the film. As the reaction film was sputtered, the relative concentrations of magnesium, 
oxygen, and fluorine remained consistent until the film was penetrated completely and the 
magnesium signal takes over. This indicated that the film was not composed of separate magnesium 
oxide (MgO) and magnesium fluoride (MgF2) phases, but rather some modified oxide layer in which 
fluorine was altering the properties either by inclusion in the MgO lattice or by forming an 
oxyfluoride compound. Depth profiling analysis revealed film depths of approximately 100 um after 
two minutes of exposure to a cover gas containing 0.3% SF6 in argon at 700 °C, and up to 500 um 
depths were formed after one hour of exposure at the same temperature. (2) 
In a separate paper, Cashion, et al. conducted further experimentation in order to understand 
exactly what effect SF6 had on MgO films to make them protective. For this study, a tube of 
magnesium oxide with a hole in the bottom was immersed into molten magnesium and gas was 
forced through the hole. This created a bubble in the molten magnesium and exposed unreacted liquid 
magnesium to the gas. Tests were conducted using 100% argon and 100% SF6, then removing the 
sample from the melt to observe wetting characteristics. An x-ray system was used to actively 
monitor the shape of the gas bubble within the magnesium melt. It was found that when argon was 
used, no magnesium stuck to the magnesium oxide crucible upon removal from the melt. The contact 
angle between the magnesium melt and the crucible was very large as well, greater than 90 degrees, 
demonstrating poor wetting of the magnesium to the crucible. In the case where 100% SF6 was used, 
magnesium metal was frozen to the crucible upon removal and the contact angle between the metal 
and the crucible was less than 90 degrees. In this case the metal showed improved wetting to the 
magnesium oxide crucible. It was proposed that the presence of SF6 improves the wetting 
characteristics of magnesium to its own oxide. This in turn causes nuclei of magnesium oxide, which 
form on the surface of the liquid metal, to be drawn toward each other and more effectively protect 
the molten metal surface from continued oxidation. (18) 
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Work by Pettersen, et al. led to some further conclusions regarding the formation of 
protective films on magnesium. Tests were conducted using SF6, NF3, SO2, and a fluorinated 
hydrocarbon called ICEON 49. It was found that all gases were able to protect molten magnesium 
well when used in concentrations of about 1%, or 0.1% for NF3, in a dry air carrier gas. Again, no 
sulfur was detected in the films formed using SF6. When the carrier gas was changed to pure nitrogen, 
no protective films were formed. This indicated the need for initial oxide layer formation in order to 
create a protective film by fluorination. (3) There has been some discrepancy on this point as Xiong 
and Wang reported the formation of protective films on magnesium using SF6 in a diluents gas of 
nitrogen. (19) Pettersen also suggested that the formation of MgF2 grains does not occur immediately, 
but after a few minutes of exposure and is accompanied by a change in the surface from shiny to a 
dull grey color. (3) 
Global Warning Concerns 
In 1998, the United Nations Framework Convention on Climate Change (UNFCCC) drafted 
the Kyoto Protocol in an effort to promote sustainable development by decreasing the usage of 
industrial practices which negatively impact the environment. Outlined in this effort was a list of 
greenhouse gases, including sulfur hexafluoride (SF6), for which emissions were to be decreased. (20) 
The International Magnesium Association (IMA) also recognized the need for a replacement to SF6, 
and in 1998 a committee selected The Norwegian Foundation for Scientific and Industrial Research 
(SINTEF) to pursue the research and development of magnesium melt protection alternatives. (21) 
Table 2 demonstrates the need for an alternative protection method by comparing the atmospheric 
lifetime and global warning potential of SF6 to some benchmarks. Also included in the chart are some 
of the alternative gases that were identified by SINTEF as potential replacements. 
Many of these systems feature complex chemistries and some, such as Novec-612, are liquids 
that must be processed through a bubbling evaporation apparatus before being exposed to a liquid 
magnesium surface. The gas F134A (aka HFC-134a) is a refrigerant gas, originally used to replace 
previous gas compression cycle refrigerant compounds with higher global warming potential. 
Unfortunately, HFC-134a has also come under scrutiny for its contribution to climate change, 
primarily in automobile air conditioning units, and will be banned from use in new cars in 2011 by 
the European Union. (22) While nitrogen trifluoride does have high atmospheric lifetime and GWP, it 
is not included in the list of greenhouse gases in the Kyoto Protocol. Also, it decomposes to produce 
nitrogen gas (N2), which comprises roughly 78% of the Earth’s atmosphere by volume and is 
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completely harmless. If fully reacted during magnesium protection, the byproducts would be 
primarily N2, O2, NOx compounds, and the corresponding fluoride. (23) 
Table 2 environmental impact of various cover gases for magnesium melt protection 
 
Thus far, there have been many candidate replacement gases identified my numerous research 
groups. No particular gas has emerged as the overall winner and improvements are being made 
continuously. 
Gas Atomization of Magnesium 
 Magnesium powder is a critical component in a wide variety of applications. Gas atomized 
magnesium powders can be used for alloying aluminum and zinc, desulfurization of iron and steel, 
reduction of titanium through the Kroll process, and incendiaries. (9) Gas atomized magnesium 
powder is also used in over 20 munitions by the United States military including tank cartridges, 
small arms, and infrared flares. Due to recent reductions in munitions purchases by the Department of 
Defense, the cost of magnesium powders has increased to over five times that of ground magnesium 
powder. (24) As a result, in order to support local production of gas atomized magnesium powder so 
that the military does not become dependent on foreign sources for a critical component in so many 
applications, the government has begun mandating that atomized powder be used in applications 
where ground powder was previously acceptable. (24) This decision is costing the Department of 
Defense hundreds of thousands of dollars per year and is a strong motivator for research in gas 
atomized magnesium powders to improve yields, process efficiency, and safety. 
14 
 
 
 
Gas atomization sprays can produce powders with specifically tuned microstructural 
characteristics, which can then be consolidated into a wide variety of parts or used in powder form. 
(25) Gas atomization generally involves two fluid flows, one of molten metal and the other of 
atomization gas. Atomization gas impinges on a stream of molten metal as it falls through the spray 
chamber and the velocity mismatch between the gas and the metal leads to kinetic energy transfer to 
the metal. This kinetic energy allows for the creation of new surface area and breaks up the molten 
metal stream into fine particles. (26) Critical to the production of gas atomized powders, is the ability 
to demonstrate powder size control. There are many parameters that can be tuned in gas atomization 
to control the size range of powders produced, including atomization gas pressure and the gas to melt 
ratio (G/M). It has been shown that adjustment of the G/M ratio leads to a limited range of mean 
particle size control, where changes in the atomization gas pressure can lead to greater modification 
of the size ranges produced. (27) 
Table 3 MIL-P-SPEC and customer requirements 
 
Defense applications demand tight control of powder sizes and size distributions for powders 
used in incendiaries and countermeasures. Table 3 outlines the requirements for MIL-P-SPEC 
200/325 magnesium powders, which are used in numerous military applications, including MJU-
7A/B flares. (24) In order to limit the range of sizes produced and gain improved control over the gas 
atomization process, close-coupled gas atomization nozzles have been developed. Previously, free-
fall nozzles were constructed so that a molten metal stream would fall from the crucible, and then at 
some point downstream atomization gas would impinge on the molten metal and initiate break-up. 
Close-coupled nozzles are configured so that gas hits the stream immediately as it exits the pour tube. 
This design has been shown to produce a narrower size distribution of powders. (25) 
In preparation for atomization of magnesium powders, work was performed at the Ames 
Laboratory by Anderson, et al. to demonstrate process control in gas atomization of coarse powders 
(400-500 um diameter). Five gas atomization trials were conducted using aluminum as a surrogate 
metal, due to its similar properties, especially melting point, when compared to magnesium. (28) 
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These trials were conducted using annular, close-coupled gas atomization nozzles and slotted trumpet 
bell pour tubes at low pressures in an attempt to create powders with an average diameter of 
approximately 500 um. Narrow size distributions were successfully produced using low pressures, 
and it was determined that the practical lower limit of pressure for gas atomization to achieve process 
uniformity is about 69 kPa (10psig). (28) The gas nozzle used to achieve the desired results in runs 4 
and 5 was 14-30-082, having a jet apex angle of 14 degrees, 30 discrete cylindrical jets, and each jet 
having a diameter of 0.082 inches. Table 4 shows a summary of the results for the five atomization 
trials. (28) 
Table 4 low pressure atomization of aluminum results for five trials 
 
Ellingham Diagrams and Thermodynamic Calculations 
 Ellingham diagrams are a graphical illustration of the change in Gibbs free energy for a 
certain reaction over a range of temperatures. They are most often used for one of three purposes: 
determining the relative ease of reducing a metallic oxide to its base metal, determining the 
equilibrium partial pressure of oxygen with a given oxide at a certain temperature, and determining 
the CO to CO2 ratio that will reduce an oxide to its base metal at a given temperature. (29) For the 
purposes of this research, it was often useful to compare the Gibbs free energy change for a set of 
reactions in order to draw conclusions regarding their relative stability and exothermic nature. Due to 
the specialized reactions of interest, Ellingham diagrams were created by the author using 
thermochemical data obtained from text references. (30)(31) 
Ellingham diagrams can be constructed if the change in enthalpy and change in entropy for a 
reaction are known at a certain reference temperature, commonly 298 K. Equation [ 2 ] shows the 
general equation for Gibbs free energy change of a reaction, which becomes a linear plot having a 
slope of –ΔS and a y-intercept of ΔH. 
[ 2 ] 
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To determine the values of ΔS and ΔH, the reference entropy and heat of formation at some 
temperature must be known for each product and reactant in the balanced chemical reaction. By 
multiplying the reference enthalpy for each constituent by the number of moles of the constituent 
participating in the reaction, and then taking the sum of the products minus the reactants, a change in 
enthalpy for the reaction is calculated. The same procedure is followed for the calculation of a change 
in entropy for the reaction using reference ΔS values for each reaction participant. Utilizing Equation 
[ 2 ], the Gibbs free energy can be calculated for a range of temperatures until one of the reaction 
components undergoes a phase transformation. At this point the reference entropy of the constituent 
undergoing a phase transformation will change, and a new ΔS must be calculated for the reaction. 
This has the effect of changing the slope of the line and creating an elbow at the temperature where 
the change occurred. 
 Reactions having a negative Gibbs free energy change are thermodynamically favorable and 
will occur spontaneously. These reactions are generally exothermic and release heat as they occur. 
This is because all reactions strive to achieve the lowest energy state possible, and in doing so excess 
energy is released as heat. By comparing the relative position of two reactions on an Ellingham 
diagram it is possible to determine which is more exothermic at a given temperature and thus has a 
higher thermodynamic driving force. (29)  
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Chapter 3: Experimental Methods 
Previous work with passivation of magnesium using cover gases was conducted using 
relatively long timescales, ranging from one to one-hundred minutes of metal exposure at high 
temperature to a cover gas mixture. (2) The goal of this research was to determine whether these same 
passivating characteristics could be produced in the case of high pressure gas atomization. One of the 
main challenges when dealing with atomization was the rapid solidification of powder particles 
resulting in very short exposure time to a passivation atmosphere. Therefore, the Induction Melting 
Passivation (IMPass) reactor was designed and constructed to conduct trials using very brief exposure 
of gas to a magnesium sample. Despite shortening of reaction times, however, there was no way to 
match the rapid solidification seen in gas atomization with the IMPass.  
 Another key capability of the IMPass was its ability to produce a reaction film on a piece of 
magnesium in a controlled and well contained manner. Even in the case where a cover gas failed and 
a sample ignited, the use of small pieces of magnesium in a chamber containing mostly argon 
presented no risk of damage to the equipment or its operators. This apparatus allowed for 
simultaneous monitoring of sample temperature, chamber oxygen levels, and the use of a Residual 
Gas Analyzer (RGA) to check for gaseous reaction products which may have evolved during the 
reactions. A digital camera was also be used to record reaction processes and aid in the determination 
of flame size, duration, and color if any was present. 
 Samples created in the IMPass were studied using Scanning Electron Microscopy (SEM) and 
Auger Electron Microscopy (AES) for surface characterization. Use of the SEM revealed the surface 
topography of the samples and allowed for observation of the differences between the native oxide 
film of magnesium and the films formed under a passivation atmosphere. AES identified which 
elements were present in the layer and determined the surface composition of the film. Depth 
profiling with an ion beam gun allowed for determination of oxide film depths and composition. This 
information was used to determine whether fluorination of the oxide layer actually occurred and 
which gas mixtures were effective. 
After screening tests were complete, one gas composition was selected for further testing. A 
small scale atomizer was used to test the results from the IMPass in the atomization case for making 
coarse powders. Atomization parameters were determined from previous work which successfully 
demonstrated the system’s ability to produce tightly controlled size distributions of aluminum 
powder, where aluminum was used as a surrogate metal for magnesium. (28) The coarse magnesium 
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powders were then analyzed for size distribution before using SEM and AES to determine film 
topography and composition and depth profiling to calculate film thickness. A small sample of the 
powder was also used for flammability testing to demonstrate the protective nature of the modified 
oxide layer. 
Induction Melting Passivation (IMPass) Set-Up 
The IMPass system was a melting and quenching reactor used to conduct trials of various 
passivating gas mixtures with small samples of magnesium. A schematic of the reaction chamber 
portion of the system is shown in Figure 5. The reaction chamber was comprised of a quartz tube, 
approximately 31 inches tall with top and bottom flanges made of 304 Stainless Steel (304 SS). The 
quartz tube was held in place by o-ring seals. Feed-throughs on the cap allowed the sample holder and 
wiper blade to be moved up and down or rotated as needed during testing. The holder and blade were 
made of 304 SS. A type K thermocouple ran through the center rod and 
was inserted into a small hole in the holder near the sample to 
continuously monitor temperature.  
The apparatus contained two tantalum susceptor elements which 
both hang from the center rod by tantalum wires. The upper tantalum 
piece was used as a sacrificial gettering element to consume residual 
oxygen in the system before melting magnesium samples. Below that 
was the tantalum heater used to melt the samples during a passivation 
experiment. The induction coil could be moved up and down so that 
only one of the susceptors was being coupled to the magnetic field at a 
time. Oxygen levels were monitored using an oxygen sensor which 
could accurately detect as little as 0.1 ppm oxygen. 
Candidate passivation gases were injected directly onto the 
sample through a piece of ¼” (outside diameter) 316 stainless steel 
tubing shaped like a shepherd’s crook. There was also an exhaust port at 
the bottom of the system and a check valve with a fixed cracking 
pressure of 1/3 psig to allow for relief of pressure in the chamber should 
it exceed that level. A water-cooled copper mold was used to 
conductively cool samples after a reaction by lowering the holder until it 
Figure 5 schematic of 
IMPass reaction chamber 
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rested directly on the mold. The system was connected to a roughing pump and diffusion pump that 
allowed vacuum levels in the 10^-6 torr range to be achieved. 
The gas mixing, delivery, and exhaust system, which is drawn schematically in Figure 6, was 
critical to the ability of the IMPass to test a wide range of gas mixtures for passivation characteristics. 
A flow meter was used to monitor the carrier gas flow up to 1500 sccm. For all experiments, UHP 
Argon was the carrier gas used. Two additional gases could be connected to the system and precisely 
mixed into the gas flow using Sierra SmartTrak 2 Series 100 mass flow controllers with a maximum 
flow of 400 sccm. The three gas lines were mixed and could be directed to the exhaust vent or the 
sample using a 3-way ball valve. Gas that passed through the reaction chamber and out the exhaust 
was bubbled through a chemical scrubber which contained a solution of calcium hydroxide in water 
to neutralize potentially hazardous reaction products, if any were present. A residual gas analyzer 
(RGA) could be connected to the system at the exhaust line. This could be used to monitor the 
composition of the gases present in the reaction chamber. The oxygen sensor was connected to the 
bottom flange of the reaction chamber. 
 
Figure 6 IMPass gas mixing and delivery system schematic 
 Throughout the development of the IMPass numerous changes and modifications were made 
in attempts to improve the ability of this small scale apparatus to emulate the conditions seen by gas 
atomized powders in a spray chamber. These include strategies for increasing the temperature 
gradient between the sample holder and the copper chill block by cooling the copper and increasing 
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the effectiveness of the oxygen gettering scheme used to clear excess oxygen from the reaction 
chamber. Details regarding these efforts are given in Appendix 1. 
Induction Melting Passivation (IMPass) Procedure 
 The first step to conducting an experiment with the IMPass was installation of the water-
cooled copper mold. This was checked for level seating before the feed-throughs on the water lines 
were tightened to lock it in place. The water lines could then be connected to the mold using hose 
clamps. The reaction gas inlet, shaped like a shepherd’s crook, was then attached and aimed at the 
middle of the chamber. Next, the o-rings used to secure the quartz tube were checked to make sure no 
cracking was present and coated with a small amount of vacuum grease if needed. The quartz tube 
could then be positioned in the bottom flange and tightened, followed by the positioning and 
tightening of the top flange. At this point most of the reaction chamber was assembled, with the 
exception of the cap which holds the wiper, tantalum susceptor elements, and sample holder.  
 The sample holder, wiper blade, and tantalum susceptors were blasted with 100 mesh 
aluminum oxide to remove any oxide or residue from previous tests. The holder and wiper were then 
sprayed with boron nitride high temperature release spray for easy removal of samples after an 
experiment and easier cleaning of the wiper blade and sample holder. This was done by preheating 
the samples on a hot plate to promote faster drying and spraying the components with an aerosol can 
in a chemical hood. The susceptors, basket and wiper were then assembled to the cap. 
 A small piece of magnesium, approximately 0.5 grams, was cut from a 99.9% Mg ingot so 
that it would fit in the holder. The approximate dimensions of each sample were 0.3 in x 0.25 in x 
0.25 in. Cutting of the ingot was performed using a band saw without cutting fluid to produce 0.25 in 
thick slabs. These were then cut to their final dimensions using an abrasive cutoff saw with water as a 
cutting fluid. Samples did not display excessive oxidation after these operations; however an acid 
etching operation was conducted to remove any excessive oxidation that did exist on the surface of 
the samples. Samples were submerged in a mixture of 5% nitric acid and water for 5-10 seconds. 
After acid etching, the sample was positioned in the sample holder and the cap could be secured to the 
top flange.  
 The system was drawn into a vacuum by first opening a priming valve on the roughing pump 
and allowing the pump to return to full speed before opening the main gate valve of the pump for a 
couple minutes. The roughing pump valve was then closed and the diffusion pump’s gate valve was 
opened completely. At this point the ion gauge was degassed for 30 seconds and allowed to cool 
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before turning on the ion gauge filament. The system was able to achieve 10^-6 torr vacuum levels in 
about 30 minutes. If the system was vacuum-tight, the sample was heated to 250 °C using the lower 
tantalum element to burn out the binders in the boron nitride spray with the diffusion pump open. 
Next, the pumps were blanked off and the system was backfilled with UHP Argon to near ambient 
pressure before repeating the vacuum draw procedure with the roughing and diffusion pumps. This 
“pump and flush” technique was employed reduce the number of contaminants in the chamber during 
a reaction by stirring up gas and water vapors that had been absorbed by components. The system was 
allowed to pump down for at least one hour. While the system was drawing a vacuum, the gas 
cylinders needed for the experiment were opened and flow rates set to the appropriate levels. Flows 
could be tested without disturbing the vacuum drawing process by setting the ball valve to “Exhaust” 
and bypassing the reaction chamber. 
 When an appropriate vacuum had been achieved, the system was again backfilled with UHP 
Argon, this time to ~1 psi above ambient pressure. This was done so the check valve on the exhaust 
line would open and relieve some pressure from the system. The check valve was used to prevent 
pressure build-up in the system while gas was being introduced into the system through the crook. 
The oxygen sensor was then turned on and allowed to warm up for about 20 minutes so the 
electronics could reach normal operating temperature and produce accurate readings. Sliding the 
induction coil up to the sacrificial tantalum getter and turning on power to the coil allowed oxygen to 
be removed from the system. This process was actively monitored by the oxygen sensor and 
continued until it read 0 ppm. Data over time was collected from the sensor and the type K 
thermocouple during the gettering process to ensure that the magnesium sample was not being 
excessively heated. 
  After gettering, water flow was started through the copper mold and samples were heated to a 
maximum temperature of 690 °C. At approximately 660 °C, passivating gas flow was initiated and 
allowed to flow straight to the exhaust until the sample reached the target temperature, approximately 
1.5 minutes later. This was done to establish a steady flow of gas with the appropriate composition 
which could be diverted onto the sample using the 3-way ball valve and back to the exhaust quickly. 
Upon reaching 690 °C, the wiper blade was immediately rotated across the sample to remove the top 
portion and expose molten, nascent magnesium. Power to the induction coil was turned off 
immediately after successfully scraping the sample. The passivation gas could be directed to the 
sample at any time using the ball valve. This allowed for experiments to be conducted at high 
temperatures, with gas being turned on right away after wiping, or at lower temperatures, by waiting 
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for the sample to cool to a target temperature before turning on the gas flow. After 1-2 seconds of 
exposure, the sample was lowered to the copper mold, and the gas flow was diverted to the exhaust. 
Temperature data was taken until the sample cooled to below 200 °C and samples remained in the 
chamber until they reached room temperature. Complete cooling took approximately 2 hours.  
 
Figure 7 typical temperature and oxygen content profiles for an IMPass trial 
Figure 7 shows a typical temperature and oxygen profile from an experimental run with the 
IMPass. The process can be divided into three general phases: gettering, melting, and cooling. During 
the gettering step, the oxygen content in the chamber was reduced until the O2 sensor read zero. The 
magnesium sample typically experienced some radiation heating from the tantalum gettering element, 
generally reaching about 70 °C. Melting involved moving the coil down to the lower tantalum 
element and heating to a maximum temperature of 690 °C before using the wiper to cut the sample. 
After completion of the wiping operation, power was cut to the coil and sample cooling would begin. 
Passivation gas was injected onto the sample at some point during the cooling process, depending on 
the nature of the specific trial. Figure 7 was taken from a sample for which the reaction took place at 
about 400 °C during the cooling process. The slight inflection in the curve at the 8 minute mark of the 
experiment was a result of the sample being lowered to contact the water cooled copper mold after the 
reaction took place. This leads to a slight increase in the cooling rate of the sample as conductive 
cooling becomes a factor and heat is drawn away from the sample and holder by the copper. Figure 7 
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also illustrates the continued monitoring of oxygen levels throughout the process, in this case 
remaining at zero during melting and cooling. 
Once at room temperature, the cap was removed from the system and the sample could be 
extracted from the holder and placed in a vial. Holes were punched in the plastic lids of these vials 
and they were placed in a vacuum dessicator box to flush them with HP argon. Samples were kept in 
the Argon filled vials with electrical tape over the punched holes until analysis with auger electron 
spectroscopy (AES) and scanning electron microscopy (SEM) could be conducted. 
Modeling of the Gas Atomization Process 
 In order to gain a greater understanding of the Low Pressure Gas Atomization process, 
modeling was performed based on work conducted by Mathur et al. to model the Opsrey spray 
deposition process at Drexel University. In this section, the procedure used to adapt the Mathur model 
to the gas atomization process will be explained.  
In Mathur’s paper, a model was proposed that considered one particle of a given diameter 
which had a perfectly spherical shape and moved in a perfectly linear trajectory through a given 
atmosphere. The injected gas atmosphere was also assumed to move in a linear fashion, though with a 
different velocity, and forced convective cooling acts on the particle because of this relative velocity. 
Heat transfer between the droplet and the surrounding gas atmosphere is assumed to be interface 
controlled.  Radiative cooling of the particle to the chamber wall is also accounted for, though the 
wall temperature itself is assumed constant. (32) 
Modeling of the Osprey process by Mathur also accounts for degree of undercooling in the 
sample, the resulting recalescence heating of the particle upon solidification, and the interaction of the 
particle with the substrate on which it lands. Due to the relatively large particle diameters that were 
being dealt with in this study, completely heterogeneous nucleation was assumed, and therefore the 
effects of recalescence heating were not taken into account. Also, there is no target substrate in the 
case of gas atomization so there was no need to consider the interaction of particles with such a 
surface. The calculations were done iteratively over very small time steps (1x10
-5
 seconds) as there 
are no analytical solutions to the equations. 
Particle Velocity Calculations  
The model begins by determining the velocity profile for a particle. This is done by 
determining the acceleration of the particle at a point in time based on the relative velocity of the 
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particle and the pressurized gas as well as the drag coefficient. Equation [ 3 ] was used to calculate 
the particle acceleration. (32) Using the absolute value of the difference the second time has the effect 
of accounting for the condition when the particle is moving faster than the gas at some point 
downstream and the acceleration will be negative, thus decelerating the powder. A listing of the 
nomenclature for variables used in the following calculations is provided in Appendix 2. 
 
[ 3 ] 
 
 The drag coefficient for the particle must be calculated and is dependent on the Reynold’s 
number of the droplet. The Reynold’s number is a ratio of the inertial forces of a particle in motion as 
well as the viscous forces due to movement through a fluid. The drag coefficient is calculated using 
Equation [ 4 ]. (32) 
[ 4 ] 
  
Equation [ 5 ] is used to calculate the Reynold’s number for the droplet moving through an 
atmosphere of argon gas. (32) 
[ 5 ] 
 
To calculate the relative velocity,   , initial velocities for the droplet and the gas were 
determined. A form of Bernoulli’s equation for the velocity of a melt exiting an orifice at the bottom 
of a vented tank was used and is shown in Equation [ 6 ]. In this estimation, the initial velocity of the 
charge exiting the crucible is equal to the velocity of an object falling for a distance equal to the 
height of the charge of the crucible and accelerating due to gravity only. (33) This represents the 
maximum velocity of the charge leaving the crucible. Diminishing initial velocity with time as the 
mass of melt in the crucible decreases was not dealt with in this case. 
[ 6 ] 
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 Calculation of the initial velocity of the gas was the next step to determine the initial relative 
velocity and then the determination of the forces acting on the particle. Under gas atomizing 
conditions, it is often likely that the case of choked flow will be reached when the pressure in the 
nozzle is much higher than the pressure in the chamber. This leads to the case where gas exiting the 
nozzle reaches Mach 1 and can’t accelerate beyond that speed until free expansion after exiting the 
nozzle is taken into account. Acceleration due to free expansion was not dealt with in this research 
because of the low atomization pressures being used. If the nozzle was determined to be choked, the 
initial velocity of the gas was Mach 1 and decayed from there according to an exponential equation 
which is discussed later. To determine if the nozzle was in a choked condition, the specific heat ratio 
γ is needed. This is the ratio of the specific heat at constant pressure over the specific heat at constant 
volume as shown in Equation [ 7 ]. (33) 
[ 7 ] 
 
 From this a critical pressure ratio can be determined according to Equation [ 8 ]. (33) 
 
[ 8 ] 
 
 Where   
  is the critical pressure at the throat, or orifice, and    is the pressure upstream 
pushing gas through the orifice. If the actual ratio for the process is above this value, then the nozzle 
is not choked, and the velocity must be calculated. Equation [ 9 ] can be used to determine the Mach 
number of the gas, which is then multiplied by the speed of sound. (33) For this research, changes in 
the speed of sound were not accounted for and it was assumed to be 340.29 m/s. If the actual pressure 
ratio is below the critical pressure ratio, the nozzle is said to be choked, and the velocity of the gas 
exiting the throat was set as Mach 1. 
 
[ 9 ] 
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At this point, the acceleration of a particle at a moment in time can be calculated. This 
acceleration over a very short time is used to calculate the new velocity of the particle at the next time 
step and the process is repeated. To simplify the calculations the velocity of the gas was assumed to 
follow an exponential decay from its starting value to a final velocity at the bottom of the chamber. 
This final velocity was determined by assuming the initial mass flow rate of gas remained constant 
for the length of the chamber, but the density of the gas returned to the room temperature density and 
the cross sectional area was the width of the main chamber. The mass flow rate of gas through the 
nozzle in the non-choked case can be determined by Equation [ 10 ]. (33) 
 
[ 10 ] 
  
If the pressure ratio for the process is below the critical pressure ratio, then any further 
increase in the upstream pressure, and thus decrease in the pressure ratio, will not lead to an increased 
mass flow rate through the nozzle. In this case the nozzle is choked and Equation [ 11 ] can be used 
to determine the mass flow rate. (33) 
[ 11 ] 
  
At this point there are a couple considerations regarding the density of gas at the nozzle to 
consider when calculating the initial mass flow rate. Pressure upstream will compress the gas and 
increase its density as it approaches the nozzle throat. As the gas passes through the throat, its density 
will drop due to its velocity to what is known as a Mach density. This Mach density was used to 
determine the initial mass flow of gas through the nozzle. 
The compression of gas due to increased pressure can be determined by Equation [ 12 ]. (33) 
[ 12 ] 
  
Then the Mach density is calculated using Equation [ 13 ]. (33) 
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[ 13 ] 
  
For a given particle diameter, and an exponentially decaying gas velocity in the chamber, the 
iterative calculation for the velocity of a single particle at a point in time can now be carried out and 
plotted against process time or distance traveled through the chamber. 
Particle Temperature Calculations 
 Determination of the particle velocity curves plays a critical role in the determination of 
particle temperature profiles because it quantifies the amount of time during which convection and 
radiation cooling can occur in the system per time step. Gas atomization is a highly chaotic process 
and a very simplified case is considered for the cooling of a particle as it moves through a gas 
atmosphere in a linear path. Using the mass flow rates above, a system for heat transfer can be 
constructed consisting of a single particle and a given volume of gas. These two objects interact by 
convection to cool the particle and heat the gas. There is also radiation of the particle to the wall, and 
convection between the gas and the wall. The particle velocity can be used to calculate an 
approximate area of wall associated with the particle and gas per time step. Heat transfer to the wall is 
treated as loss and the temperature of the wall is assumed constant in this calculation. 
 To begin, the mass flow of the melt from the pour tube orifice must be divided into a certain 
number of particles, all of which have the same diameter. This is the number of particles per time step 
entering the chamber. Each of these particles will also have a given mass calculated from its diameter 
and assuming a fully dense and perfectly spherical shape. The gas mass flow for the same time 
increment is calculated and then divided by the number of particles produced to determine the mass 
of gas that interacts with each individual particle. This is the system being considered; a single 
particle, and the associated volume of gas. The heat transfer coefficient for the system is calculated 
using Equation [ 14 ]. The Reynold’s number in this case is the same as that previously calculated in 
the velocity profile calculations. (32) 
[ 14 ] 
 
The ratio of specific heats included in this equation was intended to account for the steep 
temperature gradients which exist in the gas immediately surrounding the particle. The gas used in 
this research was argon which does not have a specific heat capacity that varies appreciably with 
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temperature. (30) Therefore, the ratio was left out and the equation simplifies somewhat to Equation     
[ 15 ]. 
 
[ 15 ] 
 
 
The heat balance is shown in Equation [ 16 ] and contains two parts. The first is the 
convection heat transfer to the surrounding gas and the second term is radiation to the chamber wall. 
(32) 
[ 16 ] 
 
The heat transfer rate can also be expressed using Equation [ 17 ]. By setting Equation [ 16 ] 
and Equation [ 17 ] equal to each other, and using a fixed time step, the temperature change for the 
particle can be calculated.   
[ 17 ] 
 
The new temperature is then used to perform the next iteration of the calculation and so on. It 
is important to note that there is a shift in the heat capacity between liquid and molten magnesium 
which was accounted for when the calculated temperature of the droplet had reached 650°C. In the 
liquid state, the heat capacity of magnesium is not temperature dependent, but once solid it has 
temperature dependency, shown in Equation [ 18 ]. (30) 
[ 18 ] 
 
The same equation can be used to determine the temperature increase of the associated 
volume of gas for the same time step, however, only the heat transfer rate due to convection should be 
considered in this calculation as the radiation is assumed lost to the wall, not transferred to the gas. 
(32)  
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Forced Convection to the Wall 
Two more steps were taken to improve the accuracy of the calculation which were not 
included in Mathur’s model; forced convective heat transfer between the gas and the wall, and the 
presence of gas curtain halos downstream in the atomizer. (34) To calculate heat transfer between the 
particle and chamber wall, it was assumed that the gas heated evenly and instantaneously across the 
entire chamber. The same volume of gas per particle considered in the above calculations was 
assumed to interact with a given surface area of the chamber wall. This can be imagined as a ring 
having the same diameter as the chamber and a height of Δd, which is equal to the distance traveled 
by the particle during one time step. The surface area of this ring was divided by the number of 
particles produced in the time step and the resulting amount was the surface area considered to 
interact with the small volume of gas associated with each particle. 
 To perform this calculation, the Reynold’s number for the interaction between the gas and the 
chamber wall needed to be calculated using the instantaneous velocity of the gas, the diameter of the 
chamber, and the kinematic viscosity of the gas according to Equation [ 19 ]. (32) 
[ 19 ] 
 
 The heat transfer rate is calculated using the convective heat transfer term of Equation [ 16 ]. 
In order to do that, however, a new heat transfer coefficient must be calculated using Equation [ 20 ] 
and is related to thermal conductivity of the gas, the chamber diameter, and the Nusselt number. (33) 
[ 20 ] 
 
The Nusselt number is a dimensionless ratio of the conductive and convective heat transfer 
components in the system. In a highly turbulent situation, such as the top of an atomization chamber, 
the Nusselt number will be >>1 due to the strong influence of convective heat transfer in this 
scenario. Towards the bottom of the chamber the gas flow becomes less turbulent and the Nusselt 
number decreases. A Nusselt number close to one represents laminar flow. (33) Equation [ 21 ] is an 
equation for calculating a Nusselt number for a given situation which is valid over a large range of 
Reynold’s numbers (3000 < Re < 5x106) and Prandtl numbers (0.5 < Pr < 2000). (35) This was used 
to calculate the Nusselt number for each step of the calculation so that the convective heat transfer 
coefficient, and then the heat transferred to the wall in each time interval could be determined by 
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setting the convective portion of Equation [ 16 ] equal to Equation [ 17 ] and solving for ΔT. This 
was treated as loss from the system and the temperature of the wall was assumed to be a constant 50 
°C throughout the process. 
 
[ 21 ] 
 
 The last formula needed to complete the calculation is for the friction factor, f, for which 
Equation [ 22 ] was used. (35) There are a couple expressions for calculating this factor, but this one 
was chosen because it is valid for a wide range of Reynold’s numbers, 3000 ≤ Re ≤ 5x106. This 
equation assumes fully developed flow. 
[ 22 ] 
 
 The second adjustment, adding the effect of the gas curtain halos, was simply treated as 
additional gas mass flow added to the stream at a certain distance downstream. This had the effect of 
increasing the mass of gas per droplet, which slowed the heating of the gas, and therefore increased 
the cooling rate of the droplet due to the large temperature gradient being maintained for a longer 
period of time. There is also a slight immediate temperature drop associated with the halo gas 
entering the stream which was accounted for by averaging the temperatures of the incoming gas and 
the existing gas in the chamber based on mass and temperature at the point of injection. 
Oil Injection Testing 
 One of the proposed safety measures for atomization of magnesium was to catch the droplets 
in a bath of oil, thus preventing impact with the bottom of the chamber and quenching the particles. 
This was suggested for two reasons. First, because of the relatively large diameter of the particles 
being produced compared to powders sizes routinely produced at Ames Laboratory, some of the 
particles would not be completely solid upon reaching the bottom of the chamber. This would cause 
them to splat and expose more nascent magnesium to the chamber atmosphere. During atomization 
the chamber will become oxygen deprived due to the amount of surface area produced to react with 
any available oxygen. Splatting, and the subsequent creation of new surface area, could lead to non-
oxidized metal in the bottom of the chamber and, upon exposure to air after the experiment, pose a 
risk of ignition because of rapid oxidation of this surface area. The second advantage of catching the 
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particles would be to increase yields by cushioning powders instead of allowing them to impact the 
chamber. 
 An experiment was designed using a pressure casting system with which a small amount of 
magnesium, approximately 5 g, could be melted and forced through a 0.8 mm opening in the crucible 
into oil to observe the behavior of both the metal and the oil. The metal was held in a steel pipe 
section with threads on the top and bottom. These threads were coated with boron nitride spray so 
they could be taken apart more easily afterward. The pour orifice was located in the center of the 
bottom nut and the top nut had a tube through which argon was flowed to eject the molten metal 
charge. The set up is shown in Figure 8.  
 Two oils were tested during these trials; Fisher Brand 19 mechanical pump fluid, and Krytox 
GPL-107. The Fisher oil was a standard hydrocarbon composition while the Krytox oil was a fully 
fluorinated carbon chain which contained no hydrogen, known as a perfluoropolyether (PFPE). The 
Fisher oil was chosen because it was readily available in the lab, but there was some concern that the 
oil would burn and release hydrogen gas. Thinking ahead to the proposed atomization experiments, 
this hydrogen gas would be very likely to react with the fluorine containing gas being used to 
passivate the magnesium and then form HF. This was very undesirable from a safety standpoint, so 
alternative oil was also tested. Krytox GPL-107 represents the highest standard for high temperature 
stability, chemically inert pump oils. Krytox oils have been tested up to 400 °C in gaseous oxygen 
with no signs of ignition. (36) Krytox GPL-107 is useful at temperatures up to 288 °C for long term 
operation. (37) It was hoped that the oil would be able to survive a one-time use application for 
catching hot magnesium particles. 
 Before the beaker of oil was placed inside the pressure caster, it was degassed in a vacuum 
box for 15 minutes to release any trapped air in the fluid. After 15 minutes, the rate of bubbling had 
decreased to almost nothing. The oil was then moved to the pressure caster and a vacuum of 2x10^-2 
torr was drawn on the chamber before backfilling with argon. Using an induction coil, the steel pipe 
section containing the magnesium charge was heated above 650 °C, the melting point of magnesium. 
The temperature of the pipe was monitored using a two color optical pyrometer. Due to the rapid rate 
of heating, the outside of the pipe was allowed to reach about 950 °C before the charge was ejected. 
This arbitrary temperature was chosen because there was a temperature gradient between the outside 
of the pipe and the temperature of the magnesium inside and it was necessary that the magnesium be 
completely molten before ejection. Due to the boiling point of magnesium being 1091 °C the charge 
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was released right away after the pipe reached the target temperature to avoid any possibility of 
completely vaporizing the metal. 
 
Figure 8 injection caster oil quench setup 
 Using 2.5 psig of back pressure, the magnesium was shot into the beaker of oil approximately 
1.75 inches below. A high speed camera was used to observe the process at 1,000 fps and capture any 
reactivity that occurred upon metal impacting the oil. 
Low Pressure Gas Atomization 
 A high pressure gas atomization (HPGA) system at the Ames Laboratory was used for 
conducting low pressure gas atomization (LPGA) experiments conducted as a part of this research. A 
schematic of a high pressure gas atomizer is shown in Figure 9. The LPGA system had a spray 
chamber which was 2 feet in diameter and approximately 9 feet tall. On top of the spray chamber was 
another chamber which contained the melt system. The melt system included the crucible, stopper 
rod, and pour tube. For the aluminum atomization run the crucible and pour tube were made of 
graphite and the stopper rod was made of alumina. The melt system for the magnesium trial was 
made entirely of mild steel. Also included in the upper chamber was the water-cooled induction coil 
used to heat the charge.  
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Pour tube slipped into a stainless steel insert, which was then placed through the central 
orifice the close couple gas atomization nozzle positioned just beneath the crucible. Yttria paint was 
applied to the small gap between the pour tube and the crucible to prevent the melt from leaking from 
the crucible. The stopper rod was pneumatically powered and controlled remotely by a toggle switch. 
The crucible itself was wrapped in insulation and sat on an insulating block covered with a layer of 
felt to protect the chamber itself and other components of the atomizer from excessive heating during 
LPGA experiments. 
 The top chamber and main spray chamber of the atomizer were not isolated from each other 
by vacuum seals, but each had a pressure relief valve to prevent excessive buildup in either section 
during a trial. There was a viewport on the top of the system that was used to monitor the condition of 
the charge in the crucible and confirm melting before lifting the stopper rod. Two more viewports 
were located near the top of the spray chamber and were used to monitor melt break-up visually and 
also to videotape the run for review later. 
 Molten metal exited from the pour tube and was immediately impinged by the atomization 
gas stream. The nozzle used for both atomization trials was 14-30-082, having a 14 degree jet apex 
angle, 30 discrete circular gas jets, and each jet having a diameter of 0.082 inches. High purity (HP) 
argon was used as the atomization gas. Also located at the top of the chamber, in a 6 inch diameter 
around the nozzle, was a gas curtain ring made of 3/8” copper tubing. This ring had 38 holes with 
diameters of 0.029” pointing down the chamber to push the powder stream towards the middle of the 
chamber, preventing it from colliding with the wall as quickly as it might otherwise. Downstream 3 
feet was another 3/8” copper tube ring with 80 holes, each having a diameter of 0.029”, and having a 
diameter of 23.5”. This larger ring provided a second curtain of gas to push powder away from the 
wall. Both curtains also helped to prevent gas recirculation up the walls to the top of the chamber and 
minimize the turbulent area in the upper corners of the chamber. 
 Attached to the bottom of the spray chamber was a pair of funnels that reduced the diameter 
of the chamber to 1 foot and then 4 inches at the bottom. Powder reaching this point would then pass 
through an elbow and into a cyclone separator. Inside the separator, coarse powders and flake fell to 
the bottom and the gas exited through the top of the cyclone. A second, smaller cyclone separator was 
used to collect those fine powders which were carried by the gas through the first cyclone. Any 
remaining metal powder after this point was extremely small and was dumped into a wet scrubber. 
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Figure 9 schematic of a high pressure gas atomizer 
 The atomizer was assembled from the top down using a hoisting system. When complete, the 
atomizer stands as tall as the ceiling in a high-bay laboratory, about 20 feet tall, and is bolted to 
support beams on the ceiling. The entire system can be evacuated by a roughing pump to less than 
400 milli-torr and then backfilled with HP argon before turning on the induction coil and melting the 
charge. The temperature of the charge was monitored by two thermocouples which were positioned 
inside the hollow stopper rod in the middle of the crucible. The stopper rod was pneumatically raised 
and melt allowed to flow. When using a trumpet bell pour tube, proper stream break-up will cause the 
stream to bloom to the edges of the bell. Figure 10 is an example of what a melt stream looks like 
before the atomization gas is turned on and afterwards. If this blooming did not occur at the 
immediately, the nozzle pressure was slowly increased at the regulator until the bloom appeared. 
When the melt flow stopped, the atomization gas was turned off. 
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Figure 10 melt stream before (left) and after (right) atomization gas is turned on 
 
Aluminum Process Verification Trial 
The first atomization experiment conducted was a repeat of previous work by Anderson, et al. 
to verify the ability of LPGA to produce coarse powders, approximately 450 μm in diameter. (28) 
The crucible and pour tube were made of graphite while the stopper rod was made of alumina. The 
pour tube orifice was 1/8” diameter and the melt was heated to 850 °C.  Approximately 2 kg of 
aluminum were melted and atomized using 10psig from the nozzle. 
Five Type K thermocouples were positioned within the chamber to record the temperature of 
the gas moving through the chamber. Each thermocouple had an exposed bead to decrease response 
time to temperature changes in the gases. During the aluminum atomization experiment, these 
thermocouples were aligned near the center of the chamber and the first four were arranged 18, 36, 
54, and 72 inches downstream of the atomization nozzle, dividing the 2 foot diameter chamber into 5 
roughly equal sections. The fifth thermocouple was positioned 63 inches downstream from the 
nozzle, bisecting the gap between the thermocouples directly above and below it, to increase 
resolution of the thermal profile in this area. From previous experiences it was presumed that most of 
the powders would impact the wall of the chamber in this region of the chamber and that there might 
be an inflection in the temperature reading at this point.  
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To protect the thermocouple beads from hot metal during the atomization process, segments 
of ¼” stainless steel tubing were used as sheaths for the thermocouples. The ends were beveled at a 
shallow angle to provide a canopy which shielded the top of the thermocouple from falling metal, but 
allowed for exposure to the gas stream moving through the chamber. Figure 11 is a picture of the 
topmost thermocouple, which was the only one that was covered with metal in a significant amount 
after aluminum atomization, and shows how successful the sheaths were in protecting exposed beads 
from contact with metal falling through the chamber. These five thermocouples were simultaneously 
recorded every second during atomization trials by a data acquisition device and software. 
 
Figure 11 sheathed thermocouple after atomization 
 
Magnesium Atomization Trial  
In the case of atomizing magnesium, some modifications were made to the procedure above. 
The melt system was made entirely from steel, which was chosen because industry practice is to melt 
magnesium in steel crucibles. The pour orifice was widened to ¼” because there was some concern 
that the metal might not flow due to the surface tension of magnesium and the relatively small amount 
of charge being used. A total of 667 g of magnesium were used, which was calculated to provide a 
maximum of 10 seconds of melt flow, and because of the wider melt stream exiting the pour tube the 
atomization pressure was increased to 70 psig. The charge was heated to 725 °C to provide some 
superheat but hopefully avoid excessive heat which would increase the time needed for powders to 
cool as they moved through the chamber.  
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The overall time of the atomization was intentionally shorter for magnesium than for the 
previous aluminum experiment as it was not the percent yield that was of primary concern, but to 
demonstrate that the process was capable of safely yielding fluorinated magnesium powders in the 
appropriate size range and that they were more passive that unfluorinated magnesium powders. This 
was the first time that magnesium had been atomized at Ames Laboratory, and the first time ever that 
magnesium was fluorinated during the gas atomization process by anyone on record.  
The configuration of thermocouples inside the chamber was changed during the magnesium 
atomization run. The top feed through was used to install an oxygen sensor that actively monitored 
the spray chamber and was used after the trial to monitor oxygen levels during and after the 
experiment. From top to bottom, the other thermocouples were located 2, 6, 4, and 8 inches from the 
chamber wall. These readings were aimed at monitoring the gas temperatures near the wall, then right 
at the injection of SF6, and two more readings after SF6 injection to estimate the reaction temperature 
seen by the powders. The stopper rod and outer crucible wall temperatures were monitored by two 
thermocouples each, one Type C and one Type R at each location. The Type R thermocouples could 
be monitor by data acquisition software while the Type C thermocouples were read from analog 
boxes. 
In order to fluorinate the powders, a stainless steel injection halo was made having the same 
ring diameter and number of holes as the large gas curtain halo. This halo was positioned just below 
the flange in the middle of the chamber using a new 3/8” diameter feed-through. The holes on the ring 
were not pointed straight down the chamber, rather at a 45 degree angle towards the middle of the 
chamber. In this way the fluorinating gas would be forced to fill the entire cross-sectional area 
quickly at the injection level and allowed to react with powders falling through the chamber. 
Upon heating the charge to the target temperature, the atomization gas and three gas halos 
were turned on before lifting the stopper rod. Usually the stopper rod is lifted first to minimize the 
risk of freezing the metal in the pour tube and obstructing melt flow. In this case, because of the wider 
pour orifice and low atomization gas pressure, it seemed unlikely that freezing would occur. By 
having the gas on right away, any metal that came through the pour tube would be instantly broken 
apart, preventing any charge from going to waste. Should any magnesium fall through the chamber in 
a stream, a catching can was place near the bottom of the atomizer, suspended in the middle of the 
chamber, to catch this metal. The stopper rod for this atomization experiment was designed with a 
“finder”, which was a needle-like extension from the tip which did not fully withdraw from the pour 
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tube upon lifting. In this way, the flow of metal could be stopped at any time by lowering the stopper 
rod again. 
After atomization the chamber was allowed to cool overnight and the oxygen level was 
checked again the next morning. As a final safety precaution, argon with 1% oxygen was flushed 
through the chamber in order to oxidize any magnesium metal which may not have been oxidized 
during the atomization run. It was anticipated that the amount of oxygen contained in the argon gas 
entering the system through the nozzle and the gas curtain halos during a trial would be sufficient to 
oxidize all metal surfaces produced before this precautionary step. Disassembly of the chamber was 
done slowly and with great caution in order to eliminate this danger if it existed and because of the 
flammability of magnesium powder. 
Scanning Electron Microscopy 
 Scanning electron microscopy (SEM) served two purposes in this research. First, it was used 
for identifying areas of interest for auger electron spectroscopy (AES), and because the AES machine 
has SEM capabilities it was convenient to capture these surface images as well as compositional data. 
These images served as guides with which to further understand the spectra gathered from AES and 
to help explain the differences between these spectra. Secondly, SEM was the first indication of 
whether or not a fluorination reaction had actually occurred during an experiment. Many of the 
samples looked similar visually and often had some surface roughness caused by the scraping 
operations or shrinkage of the samples during cooling. Using the SEM, more subtle differences in 
surface topography could be observed as well as indications as to the general level of reaction film 
continuity and porosity. Images were all taken at 10 keV, at magnifications from 50x to 6000x 
depending on the sample and the features of interest, and using secondary electron imaging (SEI) 
mode unless otherwise indicated.  
Auger Electron Spectroscopy and Depth Profiling 
 The most valuable tool for this research was auger electron spectroscopy (AES) because it 
had the capability of gathering compositional data on the surface of a sample and, using the ion beam 
gun to etch a sample, it had the ability to generate compositional data going into the sample. The ion 
beam gun was calibrated using a silica-on-silicon standard to an etching rate of 10 nm/min. All depth 
profiling data in this report was created by converting raw data on etch time versus concentration 
using this rate calibration factor. A software package called CasaXPS was used for data analysis and 
refinement.  
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 Raw spectra from AES are useful for identifying the presence of given elements due to 
inflections in the bond energy curve at given energy levels. Using CasaXPS, these spectra were 
differentiated so that peak heights for these inflections could be calculated and then turned into semi-
quantitative compositional data using a reference relative sensitivity factor (RSF). The RSF values for 
a each element was taken from a reference manual from Physical Electronics (38) and are shown in 
Table 5. 
Table 5 AES relative sensitivity factors 
 
 Using the data points from each etch interval, a curve of an element’s composition versus 
depth into the sample could be compiled. To semi-quantitatively determine the depth of an element, 
oxygen in the case of an oxide film for example, the point at which the initial atomic percentage of 
the element was reduced by half was identified. This was said to be the depth at which the particular 
film or layer had been penetrated and this half maximum rule was used for all depths derived from 
AES data in this research. 
X-ray Photoelectron Spectroscopy 
 This technique offered a couple distinct advantages over auger electron spectroscopy (AES). 
First, X-ray photoelectron spectroscopy (XPS) was used to obtain more accurate compositional data 
from a few of the samples generated in the Induction Melting Passivation reactor (IMPass). Secondly, 
XPS irradiates an area of the sample surface instead of a single point. Therefore, the quantization of 
sample composition represents an average over the area analyzed. The XPS used for this study had a 
beam area of approximately 1 cm
2
. This instrument was also capable of performing light etching 
operations to remove surface contamination which may have built up on samples from handling as all 
samples were characterized with AES before XPS. Peak heights are converted into relative elemental 
concentrations using relative sensitivity factors for a specific electron orbital. These values were 
different from those used in AES and are shown in Table 6. (38) 
 IMPass samples analyzed with the XPS were first examined in the AES and stored for several 
weeks beforehand in vials with an air atmosphere at room temperature. For this reason, these samples 
were subjected to a brief etch of approximately 30 seconds to remove surface contamination such as 
40 
 
 
 
carbon or oxygen. Compositional data was taken before and after this cleaning step. This was 
followed by a 1.5 minute etch and another data collection. GA-1-182 passivated powder was taken 
directly to the XPS after production so the initial cleaning step was skipped as there would be a 
minimal amount of contamination present. 
Table 6 XPS relative sensitivity factors 
 
 
Flammability Testing 
 To verify the effectiveness of the novel fluorination procedure in passivating magnesium 
powders and making them safer to handle, a flammability test was designed which could be easily 
repeated and used to comparatively test the ignition temperatures of powder samples. Using a muffle 
furnace with a programmable temperature control device, a sample of powder could be heated at a 
controlled rate and monitored for auto-ignition using a type K thermocouple. The steps in the heating 
program are listed in Table 7. From previous experience with magnesium powders, it was expected 
that ignition of magnesium powder would occur between 500 and 550 °C, so if the powder ignited 
before the program reached 630 °C the program was held and no more heating took place. For each 
flammability trial, approximately 0.2 g of powder was placed in a small porcelain crucible with a 
thermocouple bead directly in the powder throughout the experiment. 
 The two powders used in this comparative study were -325 mesh gas atomized magnesium 
powder from Hart Metals, Inc. and a representative sample of powder from the low pressure gas 
atomization trial GA-1-182. These powders are both pictured in Figure 12. Each was tested twice to 
verify the onset of ignition temperature. 
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Table 7 flammability test program steps 
 
 
 
 
Figure 12 samples used for flammability testing 
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Chapter 4: Experimental Results 
Room Temperature Oxidation of Magnesium 
 A simple experimental trial was conducted to determine the extent of oxidation that can be 
expected from a sample of magnesium exposed to room temperature air. A magnesium cube, 
approximately a quarter inch on all sides, was scraped with a metal spatula to remove the existing 
oxide layer and left in room temperature air to oxidize overnight. Figure 13 shows the scraped 
surface of sample AS2-154-2 and the four locations which were used for Auger Electron 
Spectroscopy (AES) to determine surface composition.  
 
Figure 13 scratched and oxidized magnesium surface at 750x 
The results of the AES surface scans are shown in Figure 14 and clearly show the formation 
of magnesium oxide (MgO) because of the approximately equal signal strengths of magnesium and 
oxygen. Also included in the scan were carbon, sulfur, nitrogen, and fluorine. These represent 
elements that may be present in future samples during the passivation process and were monitored in 
this case to establish a baseline concentration of each element. It is not surprising that the nitrogen 
concentration is elevated compared to the other elements because magnesium is known to react with 
nitrogen to form Mg3N2 (8) and air contains approximately 80% nitrogen. Figure 15 shows the results 
of another AES scan taken after etching through the sample and depth profiling. The increase in 
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magnesium concentration indicates that the layer was penetrated and the bulk metal below was 
reached. The locations are approximately the same those indicated in Figure 13. While all locations 
show a large reduction in oxygen levels, location number 1 stills has approximately 25% oxygen. 
This is probably due to the rough nature of the surface due to scraping causing some irregularity in 
oxide thickness or areas which were not completely scraped clear by the spatula, leaving a more 
heavily oxidized area on the sample. 
Depth profiling data can be used to establish the approximate thickness of the oxide film.  
Figure 16 was taken from sample AS2-154-2 and shows a typical profile collected from the sample. 
In this case the approximate depth of the oxide film was 12 nm, as determined by the depth at which 
the initial concentration of oxygen had been reduced by half. Table 8 includes the starting and ending 
concentration of oxygen and magnesium for all four scans and the approximate oxide depth from the 
depth profiles. 
 
 
Figure 14 AES compositional scans on sample AS2-154-2 before etching 
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Figure 15 AES compositional scans on sample AS2-154-2 after etching 
 
 
Figure 16 typical depth profile from sample AS2-154 
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Table 8 Mg and O concentrations before and after etching AS2-154-2 
 
 
 The data shows that the native oxide layer on magnesium will be about 12 nm thick after 
overnight exposure to room temperature air. The oxide is known to be passivating at temperatures 
below 400 °C (14), so it is reasonable to expect that it would be very thin and act as a barrier to 
continued oxidation after formation.  
Induction Melting Passivation (IMPass) Baseline Oxidation 
 Much effort was put into making sure the IMPass could allow as much atmosphere and 
temperature control as possible when screening potential passivation gas atmospheres. By using a 
diffusion pump to evacuate the chamber into the 10^-6 torr range before backfilling with high purity 
argon, and a sacrificial tantalum getter to consume most of the oxygen in the chamber, it was possible 
to establish a repeatable procedure for determining baseline oxide layer thicknesses on magnesium 
samples. In this way another set of baseline experiments could be evaluated to understand the effects 
of elevated temperatures on magnesium oxide film growth. The first experiment involved heating the 
sample to 690 °C, scraping it, and allowing it to cool without exposing it to any additional gas 
mixture through the crook. In the second trial, HP Argon was run through the crook after the sample 
was scraped to test the effects of the argon flow on oxide formation. 
 Sample AS2-154 was created by melting, scraping, and cooling without any gas injection 
through the crook. A macroscopic view of the sample surface at 50x magnification can be seen in 
Figure 17. The surface of the sample shows that despite the gettering of oxygen in the chamber with a 
tantalum element at 1000 °C, oxidation still occurred on the sample surface. Although the sample 
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appears generally smooth at low magnification, it can be seen that there are both dark portions and 
light portions of the oxide layer. The lighter areas are thick oxide and the darker portions are thin 
oxide. The cracked appearance of the surface gives some evidence as to the non-protective nature of 
these native oxide films on magnesium metal. 
Figure 18 shows more clearly at 900x magnification the reason magnesium oxide is not 
protective at higher temperatures. The tearing in the layer is a result of the volumetric mismatch 
between the oxide layer and the underlying metal which have a P-B ratio of 0.81. This reaction began 
at 690 °C, causing the oxide layer to grow thicker than it would under room temperature conditions 
and then tear. Depth profiling of the sample was conducted at six points, three of which were in the 
valleys between tears, and 3 of which were on top of the bulk oxide surface. Oxygen depths for each 
of the six scans are shown in Figure 19. The traces for locations 2, 3, and 6 were taken in the valleys 
and oxygen depths are significantly shallower than the other three scans, having a thickness of 
approximately 20 nm. The thicker layers at locations 1, 4, and 5 are from 70-90 nm thick. 
 
Figure 17 AS2-154 reaction film at 50x 
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Figure 18 AS2-154 reaction film at 900x with AES locations 
 
Figure 19 AS2-154 oxygen traces from depth profile 
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 Before moving on to fluorination reactions, it was necessary to understand the contribution of 
the argon carrier gas to the oxidation of the molten magnesium samples. A second sample was tested 
with one procedural change. This time a flow of 1200 sccm of HP Argon was passed directly over the 
sample through the shepherds crook after the sample had been scraped. It is known that the cylinders 
of HP Argon used for these trials were filled from a bulk tank of ultra-high purity (UHP) argon which 
has a certified oxygen content of 1-2 ppm. Injecting this onto a sample represents an extremely 
significant increase over the calculated baseline oxygen content in the system after gettering to 1E-21 
ppm O2.  
Sample AS2-157 showed some topographical similarity to AS2-154, but also some 
significant differences. Figure 20 shows micrograph of the surface of AS2-157 at 60x magnification 
and reveals the presence of cracks and fissures in the sample similar to AS2-154. Once again both 
light and dark region of the film can be seen. Figure 21 gives a closer look at the reaction film and 
also shows that the thick oxide layer on the sample appears less dense than sample AS2-157, 
suggesting a non-protective, non-diffusion prohibitive film.  Depth profiling of the sample was 
performed at four locations, which are labeled in Figure 21. The oxygen film depths are depicted in 
Figure 22. 
 The depth profiling confirmed that the valleys of cracks are lightly oxidized areas having a 
thickness of about 15 nm, while the heavily oxidized and porous portions of the sample have a 
thickness of about 80-90 nm. The oxygen traces for the heavily oxidized regions also show a 
shallower slope compared to what was seen in Figure 19 for sample AS2-154, making it more 
difficult to determine at exactly what time the ion beam etching penetrated the oxide layer.  
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Figure 20 AS2-157 reaction film at 60x 
 
 
Figure 21 AS2-157 reaction film at 1000x with AES locations 
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Figure 22 AS2-157 oxygen traces from depth profile 
  
Fluorination Testing with the IMPass 
 Sulfur hexafluoride is commonly used in the magnesium casting industry to protect molten 
magnesium from excessive oxidation and ignition. It has the ability to react with magnesium to form 
a thin, protective layer which inhibits oxidation after forming. (2) For this reason it was chosen as one 
of the candidates for passivation of magnesium powders in gas atomizing conditions. Samples were 
exposed to a mixture of argon and 1% SF6 after being scraped. This concentration was chosen based 
on previous work in the area of magnesium melt protection which determined that 1% SF6 was 
effective at protecting molten magnesium. (2) Nitrogen trifluoride was also tested because it has 
shown the ability to protect a molten magnesium surface (3) and is not a targeted greenhouse gas 
under the Kyoto Protocol. (20) SF6 was used as a control gas for comparison with NF3 and any other 
fluorination gas candidates that may be examined in future studies. If NF3 was not able to at least 
achieve the same level of fluorination that SF6 did, it would not be considered a feasible alternative 
for melt protection. 
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 Samples were also tested at two different reaction temperatures, one above the melting point 
of magnesium and one below. In the high temperature case, samples were heated to 690 °C, scraped, 
and then exposed to the passivation gas mixture immediately while in the molten state. The 
temperature of 690 °C was chosen for two reasons. First, in order to limit the total reaction time of the 
sample with the passivation gas it was necessary to limit superheating, which increases the time 
required to cool the sample and stop the reaction. Testing was conducted beforehand to determine that 
a thermocouple reading of 690 °C next to the sample represented the minimum temperature required 
for samples to be easily and consistently scraped. Secondly, high temperature testing was designed to 
observe and test the reaction of the passivation gas with nascent, molten magnesium metal. Therefore, 
the sample must be completely molten and be allowed no time to oxidize before exposure to the 
passivation mixture.  
 In the low temperature case, samples were scraped and then cooled to a given reaction 
temperature before the passivation gas flow was initiated. These tests were designed to test the 
interaction of the passivating gas flow with an existing layer of magnesium oxide. In this case the 
fluorination gas would need to dissociate or modify the existing oxide film instead of just reacting 
with magnesium metal. 
Sulfur Hexafluoride (SF6) 
 High temperature reaction of SF6 and molten magnesium did not result in sample ignition and 
the resultant oxide films were analyzed using SEM and AES techniques to determine the extent of 
oxidation and fluorination of the sample. It was observed that if the reaction was allowed to proceed 
for a long period of time, a black dust covered the inside of the reaction chamber. An X-Ray 
Diffraction pattern of the dust was collected in an attempt to identify the material and the spectrum 
was a good fit to tantalum disulfide. Therefore, gaseous sulfur must be a reaction product of the 
fluorination reaction which had proceeded to react with the hot tantalum susceptor elements in the 
reaction chamber. 
 A low magnification image of the surface of sample AS2-174 in Figure 23 shows a couple 
key differences between the films formed without SF6 and this sample. First, there are larger portions 
of the sample that exhibit continuous coverage without cracking. There are still areas that appear 
darker, however, and these are likely due to cracking or tearing of the oxide film during formation. A 
second difference is the appearance of wrinkles or waves in the film. This indicates a change in the 
mechanical characteristics of the film, pointing to a more ductile and adherent layer than was 
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observed for pure magnesium oxide. This is a good indication that a fluorination reaction has 
occurred and that it has had an effect on the protective nature of the film. 
 
Figure 23 AS2-174 reaction film at 50x showing wrinkles 
 Figure 24 depicts a group of AES scans taken from four different points on the reaction film 
formed by SF6 at 690 °C. These AES surface scans revealed both the presence of increased 
concentrations of sulfur and fluorine in the reaction film. Sulfur readings were highly varied from 
location to location on the sample. Fluorine concentrations showed some variation as well, but in 
general demonstrated that a fluorination reaction had occurred on the sample. Qualitatively, the 
concentrations of fluorine and oxygen were roughly equal on the as-reacted surface of the sample.   
Depth profiling was conducted on three different areas of the sample, with four locations 
being monitored in each area during the depth profiling process. These scans were averaged to 
produce three curves representing the fluorine concentration profiles for the different areas analyzed, 
and are shown in Figure 25 along with an overall average trace for the sample. The fluorine traces 
have an average initial value of about 9 atomic percent, decreasing to a baseline level of 4 atomic 
percent in the bulk of the sample. The depth of fluorination into the sample is in the range of 10-15 
nm. 
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Figure 24 AS2-174 surface AES scans 
 
Figure 25 AS2-174 fluorine traces taken from depth profile 
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 A second sample, AS2-173, was tested by first scraping the sample and then allowing it to 
cool to 400 °C before initiating the flow of 1% SF6 in argon through the crook. In this case an oxide 
film will have been established while the sample cooled to the target temperature over a period of 1 to 
1.5 minutes. Figure 26 shows that the surface is very similar to that of a native oxide layer. There 
appear to be light and dark areas separated by angular edges which are crack boundaries. The image 
also contains some spots of residue which are a result of the wiper blade passing over the sample and 
depositing small portions of previously formed oxide on the surface. When viewed closer up, as in 
Figure 27, it can be seen that there is a mixture of cracking and wrinkling as was previously seen in 
the high temperature SF6 sample. This is a positive indication that the fluorination reactions was still 
able to proceed, even at the lower reaction temperature and in the presence of a previously formed 
magnesium oxide layer.  
  The reaction is confirmed by the increased presence of fluorine seen in the AES surface 
scans performed on the sample, and in the depth profiling analysis. Figure 28 is a combination of the 
fluorine traces for four scans taken on AS2-173.  Also included is a trace made by averaging the four 
curves. The plot shows that there is a spike in fluorine concentration at the surface of the sample 
which persists for approximately 20-30 nm into the sample. There was a baseline reading of about 2 
atomic percent fluorine throughout the rest of the sample. All of the readings from this data set were 
taken from the thicker portions of the oxide films, as opposed to a crack valley. Measurements were 
also made in valleys and confirmed that fluorination occurred in those locations to the same extent. 
Therefore, SF6 was capable of fluorinating the sample in both the pure molten and oxidized states, 
and 400 °C was a sufficient reaction temperature to propagate the reaction. 
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Figure 26 AS2-173 reaction film at 50x with residue spots 
 
 
Figure 27 AS2-173 reaction film at 1000x showing wrinkles and cracks 
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Figure 28 AS2-173 fluorine traces taken from depth profile 
 
Nitrogen Trifluoride (NF3) 
 NF3 was tested to evaluate its ability to fluorinate in both the nascent molten magnesium case 
and in the case of a pre-existing oxide layer. These tests were conducted using the same procedure as 
that used for testing SF6 and in the same concentration of 1% fluorine containing gas in a high purity 
argon carrier atmosphere. It became apparent quickly that NF3 behaved in a different manner than 
SF6. The first sample, AS2-133, was scraped at 690 °C and the mixture of 1% NF3 in argon was 
passed over the sample right away. Immediately the sample ignited and a bright yellow flame 
appeared. The gas mixture was turned off after only a couple seconds and the flame persisted, 
becoming orange in color and growing initially when the gas was turned off. The flame was present 
for another minute before gradually reducing in size until it was extinguished. Figure 29 is a frame 
from a video that was being taken of the sample right after it was scraped and depicts the bright 
yellow flame at ignition. Figure 30 is another frame from the same video just after the passivation gas 
mixture was turned off and shows the initial growth and color change of the flame. 
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Figure 29 AS2-133 NF3 sample initial ignition 
 
 
Figure 30 AS2-133 NF3 sample sustained flame 
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 Due to the ignition of molten magnesium in the presence of NF3, subsequent testing with this 
gas was conducted at lower temperatures. The experimental procedure was repeated for samples 
allowed to cool to temperatures of 660 °C, 640 °C, 600 °C, 500 °C, and 400 °C before gas flow 
through the crook was initiated. As the reaction temperature decreased, the magnitude and duration of 
flame decreased until at 400 °C no sample ignition was visually observed during the experiment. At 
this temperature a sample could be prepared that could be used for SEM and AES analysis. As a 
result of these decreasing temperature test, SF6 was also tested at 400 °C so that a more direct 
comparison could be made between the fluorination capabilities of the two candidate gases. 
 Sample AS2-168 was created by scraping the sample at 690 °C, allowing it to cool to 400 °C 
and then initiating the flow of NF3 and argon. Figure 31 shows a low magnification image of the 
reaction surface. In this case, there was an established oxide layer that formed during the cooling of 
the sample, and fluorination took place afterward. The image shows the resulting layer possesses 
some grain boundary features and areas that appear rougher than others. It also shows that the 
resulting reaction film appears to have covered many of these features in a continuous way. 
 Figure 32 gives a closer up image of the same sample at 500x magnification. The micrograph 
shows that the reaction films contain some cracking which was likely present from oxidation that took 
place before the introduction of the fluorination gas mixture. The bulk of the reaction film is 
continuous and appears quite dense. There may be some small elements of wrinkling present, but not 
to the extent as was observed on samples AS2-173 and AS2-174 which were passivated with SF6 
under low and high temperature conditions, respectively. 
Depth profiling analysis of the sample surface was conducted on the four points labeled in 
Figure 32 to confirm the fluorination reaction. The fluorine traces shown in Figure 33 are very similar 
to those taken from AS2-173, which was the sample reacted with SF6 at 400 °C. The initial fluorine 
concentration is close to 5 atomic percent, which then decreases to a baseline amount at 2 atomic 
percent, resulting in a fluorination depth of 40-50 nm. 
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Figure 31 AS2-168 reaction film at 100x 
 
 
Figure 32 AS2-168 reaction film at 500x with AES locations 
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Figure 33 AS2-168 fluorine depths taken from depth profile 
 
Modeling of the Gas Atomization Process 
 Plots were generated using Mathur model-based calculations to predict both the velocity and 
temperature profiles of particles moving through the gas atomization chamber. The velocity profiles 
for five different particle diameters are shown in Figure 34. The diameters chosen were evenly 
distributed over the range of sieve sizes that were to be used for size classification of particles after an 
atomization trial. The plot shows that particles are rapidly accelerated after being exposed to the 
atomization gas exiting the nozzle and then cross over so that the particles are moving faster than the 
gas and begin to decelerate. Although the gas and powder appear to reach a velocity of zero, the final 
velocity of the gas was calculated as approximately 0.06 m/s based on the gas mass flow of argon and 
the diameter of the chamber. Particles will continue to fall under the influence of gravity until they 
reach the bottom of the chamber. 
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Figure 34 velocity profiles for various particle diameters 
 
Figure 35 temperature profiles for various particle diameters 
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 Figure 35 illustrates the temperature profile versus distance traveled through the atomizer for 
the same five particle diameters that were used in Figure 34. The dotted curve is the gas temperature 
curve for the case of 63μm diameter powders. The very early deflection in the gas temperature, at 
about 0.05 meters downstream corresponds with the point where the particle’s velocity surpasses the 
velocity of the atomization gas. This event is also reflected in the temperature curve of a 63 μm 
diameter particle at 0.05 meters by a plateau in droplet temperature as the effects of convection are 
greatly reduced for a short time. The second inflection of the gas profile can be seen at 0.9 meters and 
corresponds with the injection of additional gas flow through the large halo, in this case HP argon 
gas. During the atomization trial of magnesium, there was a third gas injection halo which introduced 
the passivation gas into the system. The impact of this halo on gas temperature would be similar to 
that of the large argon injection halo but was not included in the model. 
 Horizontal lines have also been added to Figure 35 at 650 °C and 400 °C. These 
temperatures represent the melting point of magnesium and the temperature at which no visible flame 
was observed under NF3 in the IMPass, respectively. For gas atomization, it was desirable for particle 
temperatures to be below 400 °C before the use of NF3 gas could be considered in order to avoid the 
risk of ignition. The graph shows that even the smallest sieve size used in particle analysis will not be 
below 400 °C until it has traveled halfway down the reaction chamber. In order to address this 
concern, the atomization gas pressure was increased so that the average particle diameter produced in 
the chamber would be decreased. This meant more powders would be below 400 °C before reaching 
the injection halo.  
Since the chamber will have little to no oxygen, it would not be able to support combustion 
so there was little risk of a violent reaction. Even if this did occur, there were two pressure relief 
valves on the chamber which would activate to alleviate pressure build-up. These precautions, 
especially when combined with the short run time and how little reaction time the particles would 
have before reaching the bottom of the chamber, ensured that the atomizer was equipped to neutralize 
any danger and prevent damage.   
Oil Injection Testing 
 The first oil tested was Fisher Brand 19 (FB19).  A magnesium charge of 5.7 g was ejected 
into the oil and resulted in a thick dark cloud being released. This ultimately blocked the viewport and 
obstructed the high speed video, but enough footage was obtained to show that no violent reaction 
occurred. Magnesium droplets were collected from the oil, some of which were floating on top of the 
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oil and others rested at the bottom of the beaker. The oil was heavily discolored with black particulate 
as seen in Figure 36. A thin layer of dark vapor deposit coated the inside of the chamber after the test 
and was probably the combustion product of the oil burning locally when contacted by molten 
magnesium metal. 
 
Figure 36 Fisher Brand 19 pressure cast result 
 
A second trial was conducted using Krytox GPL-107. This time there was an instantaneous 
ignition reaction between the oil and molten magnesium that occurred within the pressure casting 
chamber, which was captured with the high speed video camera. The reaction produced an extremely 
bright flash of light and enough pressure to cause the chamber door to vent just slightly. The two 
latches that secured the door prevented it from opening. After the test, the inside of the chamber was 
completely covered in Krytox oil and droplets of solidified magnesium which had been violently 
thrown around the chamber. Figure 37 shows four frames taken during the ignition reaction to 
illustrate the chaos inside the pressure caster. The first frame shows magnesium impacting the oil and 
subsequent frames illustrate the bright flash of light and extensive vaporization that occurred 
throughout the experiment. The entire reaction took place in less than 2 seconds of real time. 
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Figure 37 Krytox GPL-107 pressure cast ignition reaction frames taken at 1,000 fps 
 
Low Pressure Gas Atomization 
 Phase 1 of this work was focused on the development of a method for the atomization of 
magnesium using aluminum as a surrogate metal. (39) This work established that low pressures, 
around 10 psig, could be used for atomizing metal to produce tight size control and create coarse 
powders within the range of 400-500 μm diameters. (28) As a part of Phase 2, where a novel method 
for the passivation of magnesium powders during gas atomization was being investigated, one more 
aluminum atomization trial was conducted to confirm the process control demonstrated in previous 
work. 
 After completing the process control trial, one gas atomization experiment was conducted 
using magnesium metal to investigate the feasibility and functionality of a novel fluorination method 
for gas atomized magnesium powders. This trial was conducted in largely the same way, but over a 
much shorter period of time and with a few additional safety precautions. These extra steps were 
taken because this was the first time magnesium had been atomized at Ames Laboratory and it was 
the first time anyone had tried to fluorinate atomized magnesium powders as they passed through the 
chamber. 
Figure 38 shows a view of the entire spray chamber looking up from the bottom. The nozzle 
can be seen in the top center of the chamber, with the pour orifice in the middle and the gas jets 
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closely surrounding the orifice. Circling the nozzle, and level with it, is the mini gas curtain halo, 
which was used to prevent spray widening of the atomized powder and keep it more central within the 
chamber. Three feet further down is the larger gas curtain halo, which served the same function as the 
mini halo. Additionally, the five thermocouples can be seen protruding into the center of the chamber 
with the exposed beads shielded by ¼” stainless steel tubing. 
 
Figure 38 spray chamber view looking up 
 
Aluminum Process Verification Trial 
 A 2 kg charge of 99.9% aluminum pellets was used for the experiment. The system was 
drawn into a vacuum before backfilling with argon and beginning the experiment. A vacuum level of 
300 milli-torr was achieved in the upper chamber, and at the powder collection point a vacuum of 180 
milli-torr was established. The system was then backfilled and the charge was heated to 810 °C 
before raising the stopper rod and allowing the melt to flow. During this particular run, the initial 10 
psig atomization gas pressure was not able to cause melt stream break-up and had to be increased to 
45 psig before break-up occurred and powder was produced.  
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Initially it was thought that this change in nozzle pressure could have a significant effect on 
the size distribution of the powders produced, however, Figure 39 shows this was not the case. The 
distribution of the Phase 2 atomization run, GA-1-178, is compared to the distribution of the final 
Phase 1 atomization run, GA-1-154. Each of the points on the curves in Figure 39 represents a sieve 
size used during sizing determination. It can be seen that the particle size distributions of the two 
trials were almost perfectly aligned with each other. The target average particle diameter (d50) for the 
powders was 400-500 μm and for this trial the d50 was 450 μm. A measurement of the spread in 
powder sizes can be calculated by determining the diameter which 84% of the particles are below and 
the diameter which 50% of the particles are below.  The quotient of the two is the d84/d50, and in this 
case is approximately 1.51. From the original charge of 2 kg, the total collected as powder or small 
flake was 236 g. Of that, 24 g fall in the target range of 425-500 μm diameter, giving 1.2% yield in 
the target range for the run. 
 
Figure 39 percent of powder passing through various sieves comparing 
GA-1-154 and GA-1-178 
 Temperature data was also collected from the trial using five thermocouples positioned 
downstream from the atomization nozzle, with the readings being taken from the center of the 
chamber. The thermocouples were shielded by ¼” OD stainless steel rods with a beveled end to stop 
atomized powder, or the initial metal stream, from contacting the thermocouple bead and distorting 
the temperature readings. The uppermost thermocouple had a significant clump of metal perched on 
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top of the shield at the conclusion of the atomization run, but the bead itself was protected from the 
metal. The four thermocouples downstream even further were almost completely clean at the end of 
the run and the beads of these thermocouples did not have any metal particulate attached to them 
either.  
 
Figure 40 GA-1-178 raw process temperature data 
  Figure 40 depicts the raw data collected from the five thermocouples during the aluminum 
atomization trial. The initial spike in thermocouple 1 was caused by the undisrupted flow of metal 
down through the chamber before breakup. The stream was probably very close to the sheath, if not 
impacting it as some point, which would influence the reading. The total time of metal flow from the 
crucible was 81 seconds and readings were taken for twenty seconds after the melt flow had stopped. 
It is likely that the first thermocouple’s readings were elevated throughout the process because of the 
metal perched on top of the stainless steel shield. Figure 41 shows the temperature readings at each 
point moving further down the chamber. The progression of temperature readings with increasing 
process time is shown by the upward movement of the curves which were created from the 
thermocouple readings at ten second increments. Figure 41 shows that the recorded gas temperature 
in the chamber spiked very quickly and then cooled significantly and rapidly as it moves down 
through the chamber. By the end of the 80 seconds of melt flow the temperature curves have reached 
a nearly steady state condition.  
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Figure 41 GA-1-178 temperature versus distance traveled curves at 
various process times 
Magnesium Atomization Trial 
 Magnesium atomization was successful at creating 7 grams of spherical magnesium 
powder. The majority of the powder was found in the main collection can after the trial and some was 
caught in the catcher can. The experiment lasted only about one second because the stream froze in 
the pour tube. The plume of metal could be observed exiting the pour tube, however, and a still frame 
from a video of the process is shown in Figure 42. It can be seen clearly that the melt was broken up 
by the atomization gas immediately and formed powder. The powders produced were very spherical 
in nature, as shown in Figure 43, and ranged from >300 μm in diameter to <50 μm. Powder particles 
were very shiny and exhibited a slightly yellow color to the naked eye. Not enough powder was 
produced to do any extensive sieving or size analysis of the sample. 
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Figure 42 GA-1-182 atomized magnesium spray 
 
 
Figure 43 spherical magnesium powders 
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 Individual powders showed surface character very similar to that seen from samples in the 
Induction Melting Passivation (IMPass) reactor which had been exposed to a fluorine containing gas. 
Figure 44 shows one of the magnesium powder particles up close with a continuous and mildly 
wrinkled reaction layer covering the entire particle. This appearance of being coated in an outer shell 
was typical of the powders produced by atomization trial GA-1-182. 
 
Figure 44 magnesium powder at 400x showing surface wrinkles 
Due to the short duration of the magnesium atomization trial, temperature data from the 
chamber showed only about 1 degree in heating of the atmosphere. Oxygen data showed that during 
the course of the experiment and afterwards the oxygen levels started around 300 ppm and rose to 
0.3% after the atomization process. Temperature data was also collected from the crucible wall and 
stopper rod. The plot in Figure 45 shows controlled and gradual heating of the magnesium charge by 
cycling power to the induction coil on and off at regular intervals. This was done because even while 
idling, the induction coil suscepted extremely well to the steel crucible and it would be possible to 
heat the crucible well above the boiling point of magnesium, 1091 °C, if power was not cycled off 
periodically. Figure 45 also illustrates nicely the thermal arrest at 650 °C as the magnesium began to 
melt hit a plateau for a few minutes. The vertical line represents the time at which the stopper rod was 
lifted. 
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Figure 45 GA-1-182 stopper rod and crucible temperatures 
 
X-ray Photoelectron Spectroscopy 
 After the decision had been made to pursue a lower passivation reaction temperature of 400 
°C and the magnesium atomization trial had taken place, three samples were examined with the X-ray 
photoelectron spectrometer (XPS) to obtain more quantitative compositional data. Samples AS2-168 
and AS2-173 were reacted at 400 °C with SF6 and NF3, respectively, in the Induction Melting 
Passivation reactor (IMPass). Comparing results shown in Figure 46 and Figure 47, there was an 
initially strong oxygen peak that was cleaned from the sample during the first etches.  AS2-168 had a 
much stronger fluorine peak after this initial etching step which persisted after etching a bit deeper. 
This supported the conclusion that NF3 was more reactive and fluorinated hot magnesium much more 
aggressively than SF6. There was little change between the second and third etching step in either 
sample due to the slow etching rate of the XPS system which did not remove much material from the 
sample surfaces. 
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Figure 46 XPS data for AS2-168 reacted with NF3 
 
 
Figure 47 XPS data for AS2-173 reacted with SF6 
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 A sample of the passivated magnesium powder created by low pressure gas atomization trial 
GA-1-182 was also examined in the XPS. These results, given in Figure 48, revealed a much higher 
surface fluorine concentration than either of the previous samples. The surfaces of these powders 
appeared to be covered in an oxyfluoride composition with a stoichiometry of MgFO2. Also, because 
this sample was taken to the XPS immediately after being produced, no initial cleaning etch was 
performed and there are only two etch depths shown. It is worth noting that after the 1.5 minute etch, 
the oxygen level in this sample showed a decline of approximately 9% (atomic), while the IMPass 
samples showed smaller declines from 2-4% (atomic) after 1.5 minutes of etching. Although a full 
depth profile analysis of the powder sample could not be completed due to a system breakdown, this 
result suggested the presence of a very thin reaction film on the powders. 
 
Figure 48 XPS data for GA-1-182 passivated Mg powders 
 
Flammability Testing 
 Flammability testing was conducted using a muffle furnace and the temperature program 
described in Table 7 so that the magnesium powders produced by LPGA could be compared to 
magnesium powder which was available on the market from Hart Metals, Inc. in Tamaqua, PA. 
Figure 49 offers a direct comparison of the size and shape of the powders used for this research. The 
Hart Metals powder was less than 63 μm in diameter while the GA-1-182 powder ranges from 100-
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300 μm. Some finer size passivated magnesium powder was produced, but not in any appreciable 
amount which could be used for a flammability test. 
 Higher magnification SEM images of the powders included in Figure 49 reveal the drastic 
difference in surface topography that resulted from passivation. At 1,600x the passivated powder 
surface shows clearly the presence of a wrinkled and continuous film covering the entire surface of 
the powder. This layer even bridges grain boundaries and irregular geometries on the powder surface. 
In contrast, even at 4,300x the Hart Metals powder shows no evidence of such a covering and reveals 
a surface texture similar to that observed on magnesia coated samples in the Induction Melting 
Passivation reactor shown in Figure 17 and Figure 20, for example.  
 
Figure 49 SEM images of GA-1-182 powder (left) and Hart Metals powder (right) 
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It was found that the novel passivation technique utilizing SF6 as a means of modifying the 
behavior of magnesium’s native oxide had a significant impact on the onset of magnesium powder 
ignition. The powder purchased from Hart Metals showed a rapid exotherm at approximately 525 °C, 
ramping above 920 °C in just seconds. On the other hand, GA-1-182 passivated powder did not ignite 
until 635 °C.  Figure 50 illustrates this difference in ignition temperatures and reveals a difference in 
the overall shape and height of the exotherm peaks generated by the two samples. It is likely that 
variations in peak shape arose from differences in the powder size distributions and sample weights. 
 
Figure 50 flammability test results plot 
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Chapter 5: Discussion 
Thermodynamics of the Magnesium Compounds 
 Two independent groups have reported the absence of sulfur in reaction films formed by SF6 
on magnesium. (2)(3) This makes sense for a couple reasons. First, as there are six fluorine molecules 
for every sulfur molecule, all of the fluorine must be dissociated from the sulfur in order for a single 
sulfur to be available for reaction with magnesium. By the numbers, much more fluorine will be 
present than sulfur at any given time during the formation of a reaction film and sulfur may not be 
present at all. 
 Secondly, the lack of sulfur makes sense thermodynamically. Some insight can be gained into 
the formation of protective reaction films on magnesium metal by looking into the thermodynamic 
stability of magnesium oxide, sulfide, nitride, and fluoride. Ellingham diagrams are a very useful tool 
for comparing the relative stability of various compounds. The reactions shown in Figure 51 were 
considered in order to compare the stability of various magnesium compounds. 
 
Figure 51 reactions for various magnesium compounds 
 When making Ellingham diagrams for the comparison of different oxides, for example, it is 
necessary to consider reactions that consume the same number of moles of O2. In this way, the units 
of the Gibbs free energy change are actually energy change per mole of oxygen. (29) For this same 
reason, the stoichiometry of each reaction in Figure 51 was balanced so that there were two moles of 
the anion available in each reaction. The form of the anion on the reactant side was determined by its 
room temperature state, and phase changes were accounted for as appropriate at higher temperatures, 
resulting in elbows in the Ellingham diagram shown in Figure 52.  
 Figure 52 illustrates two key points. First, the Gibbs free energy change for magnesium 
oxide and fluoride are quite large and relatively close together, meaning they are both very stable. 
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Secondly, the oxide and fluoride are far below the nitride and sulfide, making the former pair much 
more stable than the latter pair and capable of reducing them as well. This supports the observations 
of previous research groups stating that there is no magnesium sulfide present in films formed by SF6. 
Magnesium will preferentially react with either oxygen or fluoride before sulfur. The specific 
thermochemical data used to make this Ellingham plot can be found in thermochemical data 
collections authored by Binnewies (30) and Barin (31). 
 
Figure 52 Ellingham diagram for various magnesium compounds 
 The information in Figure 52 also helps to understand the resulting composition of the 
reaction films formed by SF6 and NF3. It has been shown in this research that there is an increase in 
the fluorine concentration of the reaction film after exposure to a fluorine containing gas at high 
temperatures. Magnesium has a high vapor pressure and the native oxide layer is known to be non-
protective at high temperatures. Therefore, magnesium diffusion through the oxide layer is not 
completely inhibited at high temperatures and it is likely that magnesium reachs the surface of the 
reaction films. At this point in the reaction, there is very little oxygen present in the system due to the 
gettering of the chamber and formation of the initial oxide film. This may allow for the reaction of 
SF6 or NF3 to proceed and fluorinate the surface of the powder.  
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Auger and Depth Profiling 
If a fluorinated oxide layer is truly a barrier against diffusion and continued oxidation, it 
would probably be very thin because no more magnesium would be allowed to diffuse through. The 
auger electron spectroscopy (AES) results in Figure 25, Figure 28, and Figure 33 showed that the 
fluorination depths of these samples were 10-50nm. These depths are thinner than those measured for 
heavily oxidized areas of the magnesium samples and suggest that the reaction does not proceed 
entirely through the oxide layer, possibly as a result of a barrier to diffusion being formed through 
fluorination. 
 This could have to do with the reaction temperature and cooling rate of the sample as well. In 
the low pressure gas atomization (LPGA) case, the powders have much shorter timeframes during 
which to react with a passivating gas mixture, reducing the fluorination depth. A thinner fluorination 
depth is considered desirable as long as the layer is protective against oxidation. A thin modified 
oxide layer also minimizes the fluorine content of the resulting metal powders produced, reducing 
impact on the desired composition of the powders. 
Repeatable AES and depth profiling analysis of the samples generated in the Induction 
Melting Passivation (IMPass) reactor was difficult to obtain. The first samples were produced in a 
round holder with beveled edges and tended to roll out of the holder and latch onto the wiper. A 
redesign of the holder featured a square recess with vertical walls for holding the sample in place. 
These samples, while much improved, often had slightly varied geometries. Also, due to the surface 
tension of magnesium, the nascent liquid metal would form a meniscus after being wiped, producing 
a rounded top. 
For AES analysis to be conducted, the samples had to be mounted on a stage which could be 
moved and rotated. Due to the variations in sample geometry, each sample presented a unique 
challenge for mounting and subsequent analysis. Changes in sample orientation can affect the angle 
of impact at which argon ions hit the sample during etching as well as the orientation of the surface 
being analyzed to the detector.  
Figure 53 is a good example of the impact that orientation can have on beam etching. In this 
case, the angle of the beam was so low relative to the sample surface, that the texture in the sample 
prevented the ions from etching large areas of the sample. The darker regions are those which were 
etched while the lighter regions were masked and remain un-etched. Data from this run could be 
easily identified as inaccurate and discarded. It is possible that similar effects played a role in other 
79 
 
 
 
AES and depth profile data which was collected in less obvious ways. Potential inaccuracies include 
altered etch rates from area to area, or simply point to point within an etched area. Angles which are 
too steep, approaching orthogonal to the surface, can lead to re-deposition of material instead of 
removal, causing an element’s concentration to rise as the sample is etched instead of diminishing, or 
simply producing a falsely high depth calculation for an element. 
 
Figure 53 line of sight issue during ion beam etching 
It is also possible that the porosity of a given reaction film plays a part in both the etch rate 
and the compositional readings that are obtained from a sample. A highly porous layer will not etch at 
the same rate as a less porous or fully dense sample. Scanning electron microscopy (SEM) of samples 
generated in the IMPass showed evidence of porosity on some samples, which may have altered the 
data collected and led to some error in the final depth calculations or relative elemental 
concentrations. 
Due to such a combination of variables that may affect the analysis of any particular sample, 
all data recorded from AES and depth profiling is considered semi-quantitative. Estimations of depths 
and relative compositions can be made, but are not considered completely accurate. Some of the key 
observations that can be made through the use of AES and depth profiling are the relative depths of 
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certain elements within the same scan, or even scan area, and in general whether an element is present 
or not.  
Room Temperature Oxidation 
 The room temperature oxidation experiment provided information that could be used to 
compare the oxidation growth on samples subjected to a variety of conditions to a standard room 
temperature oxidation film. Due to the crude way in which the sample was scraped and subsequently 
oxidized, it is not surprising that there was some variation in the thicknesses calculated by auger 
depth profiling. Also, because of the semi-quantitative nature of depth profiling measurements, it is 
not possible to give a precise measurement for the native oxide’s thickness, but rather an estimate.  
 Depth profiling data from sample AS2-154-2 gives an estimated magnesium oxide thickness 
at room temperature of 12 nm, with specific measurements ranging from 5-26 nm. This protective 
oxide thickness at room temperature is similar to aluminum, but generally a bit thicker. Aluminum 
oxide grows to 5 nm when exposed to oxygen, and may thicken to 20 nm when heated in air. (5) 
IMPass Baselines 
 Baseline samples were critical for understanding the oxidation behavior of magnesium at 
high temperatures. It was found that even after gettering with a tantalum susceptor and heating the 
sample to 690 °C, the resulting sample formed an oxide film. Ultimately, any sample formed in the 
IMPass would be exposed to air for at least a brief time while it was being removed from the holder. 
Even storing the sample in a vial filled with HP argon before AES analysis meant there would be 
some oxygen present, which would unavoidably react with the magnesium. It was unreasonable, and 
undesirable, to expect that a sample could be created that had no oxide layer present at all. 
 The measured thickness of the oxide layers formed was interesting. Sample AS2-154 was 
simply heated, scraped, and cooled in the as-gettered atmosphere and had an approximate oxide 
thickness of 70-90 nm in the thickest locations. The first observation that can be made in this case is 
that magnesium has a remarkable affinity for oxygen. Figure 54 shows that magnesium oxide is even 
more stable than tantalum oxide; with tantalum being the material used to getter the chamber before 
heating samples. Therefore, even with a minimum equilibrium oxygen level of 7.88x10-25 torr after 
gettering, enough oxygen remains in the chamber to oxidize the sample well beyond the room 
temperature thickness. 
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 These results also verify the protective nature of magnesium oxide at room temperature. 
Despite the fact that sample AS2-154-2 was exposed to air overnight, containing approximately 20% 
oxygen, it only oxidized to about 12 nm. By heating sample AS2-154 to 690 °C and exposing it to 25 
orders of magnitude lower oxygen partial pressure; a film more than four times thicker was formed. It 
is clear from this that the native oxide film of magnesium does inhibit oxidation, but at higher 
temperatures the film formed on nascent magnesium loses this ability and allows for greater oxidation 
of the sample.  
 
Figure 54 Ellingham diagram for various oxides 
 AS2-157 was exposed to a stream of HP argon immediately after wiping and then cooled. 
The sample showed some similarities to AS2-154, especially the presence of cracking and thin oxide 
films present in the valleys of these cracks. Using the half maximum concentration method to 
determine oxygen depths revealed that while both the thick and thin portions of the film show 
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comparable depths to AS2-154, the thicker films demonstrated a much more gradual reduction of 
oxygen concentration with depth into the sample. Where AS2-154 dropped off sharply to a baseline 
concentration at 100 nm, AS2-157 did not reach a baseline concentration until 150 nm into the 
sample.  
 Since the only procedural change between the two samples was the injection of a stream of 
HP argon onto the sample surface after it was scraped, which contained approximately 1-2 ppm O2, it 
was likely that the differences can be attributed to the increased oxygen content of the chamber 
during experiment AS2-157. This increased oxygen content led to faster diffusion of oxygen into the 
sample and deeper penetration of oxygen into the sample over the same cooling time. Accelerated 
oxidation kinetics may have also led to the increased porosity observed in the reaction film, shown in 
Figure 21, which would serve as a less effective barrier to diffusion and promote thickening of the 
oxide film. 
Sulfur Hexafluoride 
 Creating a small scale test to replicate the conditions that would be seen in a gas atomizer was 
a challenging task. The rapid sequence of events between molten stream and solid magnesium particle 
could not be perfectly recreated in the Induction Melting Passivation (IMPass) reactor, but it was 
possible to gather information that proved the concept of fluorinating magnesium powders was 
feasible. The biggest difference between the IMPass and low pressure gas atomization (LPGA) is the 
timeframe over which oxidation can occur. In the IMPass, a sample is hot for a couple minutes as it 
cools from the molten state to room temperature. During gas atomization, a particle will rapidly 
solidify and cool in a matter of seconds.  
Within the IMPass, it was known from the baseline samples that oxygen was available 
immediately after scraping for samples to begin oxidizing. In the case where the reaction took place at 
high temperatures, this could be advantageous for creating a situation where oxidation and 
fluorination can begin almost simultaneously. The sample was wiped and then immediately 
afterwards the passivation mixture was initiated. It could be seen from the micrographs of sample 
AS2-174 that the reaction film displays some very different qualities from those observed in the 
baseline samples AS2-154 and AS2-157. Large portions of the sample surface appeared to be covered 
by a dense and continuous reaction film. The surface of the film exhibits wrinkles, or waves, that 
indicated a more ductile and adherent layer was formed. The wrinkles were caused by thermal 
shrinkage of the sample as it cooled and the reaction film clung to the underlying metal instead of 
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spalling or cracking. The continuous areas were several hundred micrometers across, which boded 
well for the case of atomization where the target particle diameter was 450 micrometers. It seemed 
likely that a single particle could be covered by a continuous, dense, and protective oxide shell. 
For the low temperature reactions, however, there was an elapsed time of about one minute 
before the sample reached the target temperature and the passivation gas was introduced. This means 
that there was an established oxide shell which has had time at high temperature to grow thicker 
before the fluorine containing gas was present. This was probably why the micrographs showed a 
mixed character. At low magnification, sample AS2-173 displayed some of the cracking that was 
seen in the baseline samples. When viewed closer up, though, some of the same wrinkles and waves 
that were seen on sample AS2-174 were seen mixed in with surface cracking. This indicated that the 
adherent, dense fluorinated layer formed and then the sample shrank as it cooled, but to a lesser 
degree than the high temperature sample. This also indicated that in order to create the most 
continuous and dense reaction layer, it was necessary for the fluorine containing gas to be present and 
actively modifying the behavior of magnesium oxide. 
In both the high and low temperature cases, there was clearly fluorination of the oxide film. It 
was probably the case that even when the passivation gas was exposed immediately to the sample 
after scraping, some amount of oxide formed before fluorination occurred. This was supported by the 
fact that oxide depths, even for fluorinated high temperature samples, could be in the 100 nm range. 
Some expected reactions are shown below in Figure 55. The reactions in Figure 55 also show that 
the reaction between SF6 and Mg is much more thermodynamically favorable than the reaction of SF6 
with MgO. Therefore, if there was indeed a chemical reaction taking place, it was a reaction with bulk 
magnesium metal diffusing through the oxide layer and contacting the SF6. The non-protective nature 
of the native oxide becomes important in allowing this reaction to take place at the surface of the 
sample and forming a barrier to continued diffusion. 
Thermodynamically, it seemed that the formation of MgF2 would be preferential to MgO, but this 
was not reflected in the relative concentrations of these elements seen in AES measurements and 
depth profiling. This was also observed by Fruehling who proposed that SF6 adsorption into the MgO 
film as the mechanism for its protective ability. (1) In other applications, SF6 is most noteworthy for 
its inertness as an unreactive and nontoxic substance (40), even being safe to breathe in small 
amounts as a means of lowering one’s voice. (41) Therefore, it is easy to believe that the molecules 
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not actually break apart and react with magnesium, but worked to protect the surface by some other 
means. 
Whatever the exact mechanism may be, work with the IMPass showed that SF6 can modify 
magnesium oxide in a much shorter timeframe than had been previously tested. Results also suggest 
that the fluorination depth is not extremely time dependent. Fluorination depths ranged from 10-30 
nm for all traces taken on both the high and low temperature reaction samples, which had long and 
short reaction times, respectively. This indicates that during gas atomization, where the particle will 
have only seconds to interact with the fluorine containing gas, fluorination will still take place. 
Furthermore, thickening of the oxide layer might be limited by the shorter timeframe, leading to a 
thin, yet protective shell on the powders. 
 
Figure 55 sulfur hexafluoride proposed reactions and magnesium oxide 
 
 
Nitrogen Trifluoride 
 It was thought initially that nitrogen NF3 could simply replace SF6 in the IMPass and the 
results juxtaposed in order to judge their relative performance and merit. It became quickly apparent 
that this was not the case when the first sample created using NF3 caught fire immediately after the 
gas was introduced. The unexpected result warranted some investigation into the reaction that was 
occurring between NF3 and magnesium, as well as how this might be different from what was 
happening in the presence of SF6. Figure 56 contains two proposed reactions that could be occurring 
on the samples in order to fluorinate the oxide film. 
As with SF6, the reaction with magnesium metal is much more favorable than the reaction 
with magnesium oxide, and the large amount of heat released because of this could be the reason a 
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visible flame was produced. It can be seen from the third reaction in Figure 56 that the formation of 
diatomic nitrogen by the joining of nitrogen atoms left over after NF3 dissociates is the source of 
roughly one third of this energy. These nitrogen atoms were already a gaseous reaction product of an 
exothermic reaction and their combination was also exothermic, leading to the release of enough 
energy to produce visible light. The initially intense light, shown previously in Figure 29 was a result 
of a relatively high concentration of reactants, and increased reaction rate, when the NF3 mixture is 
flowing over the sample. The sustained flame in Figure 30 represented a continuation of the reaction 
while there were still reactants present in the chamber and the reaction proceeded to completion. 
 
Figure 56 nitrogen trifluoride proposed reactions and diatomic nitrogen 
 Contrasting the Gibbs free energy changes of the reactions with NF3 to those with SF6 shows 
that NF3 interaction with the sample will result in much higher amounts of exothermic heat release 
per mole of MgF2 in the reaction. Due to the high number of fluorine atoms associated with each SF6 
molecule there is the potential for more heat released per mole of SF6 assuming all six fluorine atoms 
are broken from the molecule and reacted. Two theories from previous work involving the protective 
mechanism of SF6 both speculated that the protection of magnesium does not come from an actual 
chemical reaction and thus should not release so much heat. Fruehling proposed adsorption of SF6 to 
the surface of MgO to form a barrier to diffusion and inhibit oxidation. (1) Cashion’s work indicated 
that the presence of SF6 increased the ability of magnesium to wet its own oxide, and thus capillary 
forces would draw segments of the oxide layer together to reduce vaporization and metallic surface 
area available to react with oxygen. (18) On the other hand, NF3 experiments produced visual 
evidence that there is an exothermic chemical reaction taking place between the gas and the 
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magnesium sample. This led to the conclusion that the two gas species behave differently in the 
presence of magnesium. 
Modeling of the Gas Atomization Process 
There were a number of assumptions mentioned throughout the calculation of the predicted 
temperature and velocity curves that had the potential to produce error in these estimations. These 
errors were just as likely to manifest both overestimation and underestimation of the results shown. 
To more accurately characterize the conditions seen within the atomizer, one would have to take into 
account the distribution of sizes that are produced and the differing amounts of heat that these 
particles would release to both the atomization gas and each other. In the case of smaller particles, 
homogeneous nucleation becomes a factor and the effects of undercooling and recalescence heating 
must be taken into effect.  
As for the atomization nozzle, additional calculations could be performed to more accurately 
determine the effects of free expansion of gas exiting the jets and the acceleration associated with this 
expansion. Atomization nozzles create complex series of shockwaves and gas patterns that create 
recirculation and aspiration zones, both of which are completely ignored by the calculations in this 
research.  
Ultimately, the curves provided a guide for what could be expected during the atomization of 
magnesium. This was useful in deciding where to place a reaction gas halo for optimum effect.  The 
plots generated also provided useful insights regarding potential hazards or worst case scenarios that 
could occur during atomization. Any concerns raised from the data regarding the behavior of particles 
traveling through the atomization chamber were acted upon to make sure that the experiment could be 
conducted safely and with an absolute minimum of risk. 
Oil Injection Testing 
 The results of the oil injection experiments were not desirable or conducive to the overall 
goal of improving the safety of the magnesium atomization trial. In the case of Fisher Brand 19 
mechanical pump fluid, the oil burned and produced a thick black vapor in the chamber. This was 
carbon resulting from the combustion of the oil upon contact with molten magnesium. By breaking up 
the carbon chain, thus releasing hydrogen molecules into the atmosphere, it becomes possible in the 
atomizer for these hydrogen atoms to react with SF6 or NF3 to form HF. This is an extremely 
dangerous chemical to deal with and would present a range of safety concerns, adding time and cost 
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to the atomization process. Therefore, it was decided that oils containing hydrogen would not be 
suitable for catching hot metal particles in the gas atomizer. 
 The second oil tested, Krytox GPL-107, did not contain any hydrogen, but was found to have 
the opposite of the desired effect. The explosive reaction was likely caused by fluorine molecules 
being stripped from the carbon chain and reacting with magnesium to form magnesium fluoride. This 
compound is very thermodynamically stable, having a standard enthalpy of formation at room 
temperature of -1124.2 kJ/mole, which means the formation of magnesium fluoride is highly 
exothermic. (30) Injecting molten metal directly into the oil from a short distance led to rapid 
dissociation of fluorine molecules from the Krytox because the process temperature far exceeded the 
maximum useful operating temperature of 288 °C. (37) 
 It is possible that Krytox may have worked much better if the conditions of the experiment 
had been less severe. The pressure casting system does not allow direct monitoring of the charge 
temperature inside the steel pipe, therefore it is likely that the sample was well above the melting 
point. This superheating, combined with the short distance from orifice to oil surface, created a very 
demanding set of conditions for the oil. In the case of gas atomization, droplets cool during flight and 
do not all land in one concentrated point, producing less of a thermal gradient and potentially 
reducing the risk of destroying the catching oil. Despite this, the mere possibility of such an 
uncontrolled source of heat and pressure during an atomization run creates more safety issues in an 
experiment where these risks must be minimized. Therefore, with both oils proving to be possibly 
deleterious, the strategy of catching molten powder in a bath of oil was abandoned all together in this 
research. 
Low Pressure Gas Atomization 
Aluminum Process Verification Trial 
 Although the aluminum atomization experiment performed in this study produced powder 
distributions which were in perfect agreement with results from previous work with low pressure gas 
atomization of aluminum, it was somewhat troubling that the initial nozzle pressure of 10 psi was not 
able to break up the melt stream properly and had to be increased to 40 psi. It would be expected that 
this increase in atomization nozzle pressure would lead to a decrease in the average particle diameter 
produced, but this was not the case. Upon further investigation, it seemed that a change in the way the 
flexible hose connecting the atomization gas supply line to the change was routed may have been to 
blame. For the aluminum trial, this flexible hose was bent is an “S” shape in order to make the 
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connection, which presented some risk of flow restriction in the line. The pressure measurement used 
to monitor the nozzle gas pressure was actually taken before the gas line entered the atomizer and 
before the gas passed through this segment of flexible hose in question. Therefore, if the flow was 
restricted as a result of this bending, the pressure gauge would see a rise in gas pressure, but the actual 
pressure exiting the nozzle would be lower. It was estimated that the actual nozzle pressure was closer 
to 10 psi than 40 psi, as reported by the pressure gauge, because it has been shown previously that 10 
psi was sufficient to break up a stream of aluminum in almost exactly the same arrangement. 
 The gas temperature readings taken inside the spray chamber during the aluminum trial were 
quite different from the modeled gas temperature curve. The top two thermocouples registered the 
highest readings and the last three were relatively close together. According to the model, the gas 
temperature should continuously rise while moving down the chamber. It seemed probable that the 
location of the thermocouples in the center of the chamber, which led to the deposition of powder on 
these thermocouples’ sheaths, may have generated falsely high temperature readings within the 
chamber. However, if the thermocouples had been placed off center a bit they may have been less 
impacted by the powders themselves and recorded more accurate measurements of the gas 
temperatures. The drawback there would be that by removing them from the stream the gas being 
heated most by the metal droplets would not be measured and so the actual readings would be too 
low. 
Magnesium Atomization Trial 
 The inaugural magnesium atomization trial at the Ames Laboratory was quite successful. The 
total powder sample of 7 g was more than enough to characterize some of the powder with x-ray 
photoelectron spectroscopy and conduct flammability tests with the particles. The only setback was 
the 1 second run time, which was cut off when the melt froze inside the pour tube. Curiously, the 
stream did not freeze off at the end of the pour tube, but inside it where the diameter is reduced from 
1/2” to 1/4”. For future atomization trials of magnesium it will be necessary to take steps to overcome 
this melt freezing issue. Possible strategies include increasing the melt superheat or modifying the 
design of the pour tube so that the pouring diameter remains wider until just before the melt exits. 
 The powder produced by experiment GA-1-182 was extremely spherical in shape and quite 
shiny, especially when compared to the magnesium powder from Hart Metals. These powders also 
exhibited a slightly yellow hue which is an indication that the fluorine reaction has occurred. Of the 
total 7 g collected, 6.5 g were found in the main collector can of the atomizer which was very 
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encouraging. This meant that the powders had passed through the entire spray chamber and then 
through about 8 feet of 4” diameter tubing before entering the cyclone separator and falling into the 
collector can. In this way, the powders had plenty of time to react with the SF6 gas in the chamber as 
they cooled. It was also noted from the scanning electron micrographs taken of GA-1-182 magnesium 
powder that there were very few satellites on the powders and almost no agglomeration. These 
discrete particles can be more effectively coated in a modified oxide shell to protect them from 
oxidation at elevated temperatures.  
Flammability Testing 
 Ultimately, it was the flammability tests which revealed the effectiveness of the novel 
passivation treatment in decreasing the risk of ignition by raising the onset temperature. Samples were 
tested in a controlled and repeatable manner which can be used in future studies to evaluate the 
relative passivity of powders. Ideally, powder samples would have been tested which had very similar 
size distributions, and thus nearly equivalent specific surface areas. This plays a large role in 
explosivity testing especially, but not as much in flammability testing. The general approach to these 
experiments was to add heat energy to the powders until a self-propagating oxidation reaction 
occurred. Due to the fact that these powders have already been oxidized at high temperatures, 
diffusion of oxygen through the oxide shells is probably not the driving force for this auto-ignition. 
Instead, fracture of the outer layer and exposure of nascent magnesium to oxygen at high 
temperatures will lead to an exothermic oxidation reaction and start a chain reaction. This is 
evidenced by the clearly defined exotherms shown in Figure 50. 
 These peaks can also lend some insight into the effect of powder size distribution on the 
ignition reaction. For the finer diameter Hart Metals powder, less than 63 μm, auto-ignition led to an 
almost instantaneous 400 °C spike in powder temperature which then cooled relatively quickly and 
smoothly. GA-1-182 fluorinated magnesium powder, ranging from ~10-300 μm in diameter, ignition 
produced a peak which was broader, produced only a 260 °C temperature rise, and had shoulders on 
both the ramping and cooling sides. This is an indication that the oxidation reaction occurred at a 
slower rate, because or lower specific surface area in the sample, and in stages, due to the wide range 
of particle sizes igniting at slightly different temperatures. If the GA-1-182 sample had possessed the 
same size distribution as the Hart Metals powder, ignition would have still onset at 635 °C, but at a 
much faster rate and reaching a higher maximum temperature. Future work in this area could focus on 
production of a passivated sample with a size distribution very close to that of a magnesia coated 
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powder sample to verify this hypothesis. It is recommended that this method be considered for use in 
industry as a method of increasing safety and reducing cost of gas atomized magnesium powders. 
  
91 
 
 
 
Chapter 6: Conclusions 
1. This research showed that both SF6 and NF3 are capable of fluorinating the surface of a 
magnesium sample at 400 °C. At higher temperatures, NF3 reactivity produced a flame, but SF6 was 
less aggressive and formed a fluorinated layer (without a flame) at temperatures as high as 690 °C. 
2. From the small melt reactor experiments, both SF6 and NF3 were capable of reacting with a 
magnesium sample in a very short timeframe, on the order of one to two seconds. This was critical for 
translation of the technique to gas atomization during which powders pass through the chamber in 
fractions of a second. 
3. Fluorinated magnesium samples showed altered topography when compared to magnesium 
oxide films formed at room temperature. These modified reaction layers had a more dense and 
continuous appearance, often accompanied by the appearance of wrinkling or stretching. This shows 
that the fluorinated surface is more adherent and ductile than the native oxide and does not crack or 
become non-protective as readily as the native oxide. 
4. Data collected supports the hypothesis that SF6 and NF3 passivate by different methods. NF3 
appeared very reactive when exposed to magnesium and produced a much higher concentration of 
fluorine in the resulting reaction film.  
5. SF6 was able to react with gas atomized magnesium particles falling through the spray 
chamber to form a modified oxide layer.  
6. The ignition temperature of powders produced by the novel SF6 passivation technique 
displayed a significantly increased onset temperature for ignition, and thus a reduced flammability 
hazard during production, handling, transport, and storage.  
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Chapter 7: Recommendations for Future Work 
1. Optimization of the concentration of SF6 included in the gas atomizer should be performed to 
best fit the gas atomization setup being used for the process. The use of 1% SF6 by volume was based 
on previous work on magnesium cover gas mixtures, but may not represent the ideal concentration for 
gas atomization. Other factors include, but are not limited to, the size of the spray chamber, particle 
size distribution, melt superheat, and location of injection halos. 
2. More characterization of the film thicknesses produced during this process and the extent of 
fluorination would help increase understanding of the reaction kinetics and allow for greater tuning of 
the process in future trials. Depth profiling with auger electron spectroscopy and chemical 
composition analysis by x-ray photoelectron spectroscopy can provide valuable information in this 
area. 
3. Although this work did not produce results which indicated a strong temperature dependence 
of the passivation reaction, it is likely that reaction temperature does have some influence on the final 
result. The precise reaction temperature required to achieve an ideal fluorinated oxide layer thickness 
could also be calculated after such analysis mention above. SF6 was shown to be effective at 
fluorinating samples in the Induction Melting Passivation reactor at both 690 °C and 400 °C. 
Experiments also indicated that NF3 could be used at 400 °C, but nothing was observed implying the 
reaction would not work at a lower temperature. 
4. Due to the highly potent greenhouse gas effect of SF6, it will be desirable and necessary to 
find a more environmentally friendly alternative to SF6 for passivation of gas atomized magnesium 
powders. Some of these alternatives are already being researched and could easily be tested using a 
system like the Induction Melting Passivation reactor for their effectiveness and feasibility. 
5. A more detailed analysis of both the flammability and explosivity of the passivated 
magnesium powders produced in this experiment will lead to an even greater understanding of the 
benefits for safety and handling considerations. Once larger quantities of the passivated powder can 
be produced, samples can be tested which were processed differently but have similar size 
distributions for a head-to-head comparison. 
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Appendix 1 
IMPass Development 
Cooling Rate Trials 
 Testing in the IMPass system was initially designed to reflect those conditions which would 
be encountered by a magnesium particle in a gas atomizer. By attempting to expose nascent molten 
magnesium to a stream of passivating gas, and then by cooling the sample as quickly as possible, it 
was thought that the test could provide a preview of what could be expected when the process was 
adapted to the gas atomizer. These expectations turned out to be a bit too ambitious as the maximum 
cooling rate that could be achieved by convective cooling in the chamber atmosphere and conductive 
cooling through contact with the water cooled copper mold was -5.09 °C/second. A couple strategies 
were examined for accelerating the cooling rate of samples using liquid nitrogen vapors forced 
through the water lines of the copper mold, or by forcing the liquid nitrogen through the water lines. 
Liquid nitrogen vapors were not effective at cooling the mold below 18 °C, which is equal to the 
temperature achieved using cold water flow. Liquid nitrogen was much more effective at cooling the 
mold temperature, achieving a temperature of -84 °C after one hour of flow through the mold. 
Trials were conducted to comparatively test the cooling rates of three different cases: 
allowing the sample to convectively cool suspended in the chamber, moving the sample to contact the 
water cooled copper mold, and contact with the copper mold when cooled by flowing liquid nitrogen. 
It was anticipated that by cooling the mold to -84 °C the increased temperature gradient between the 
mold and the sample would cause the cooling rate to increase as well.  
Using the PDaq/56 USB Data Acquisition System, temperature profiles were collected for 
samples that had been heated to 750 °C and then cooled by each of the three different methods. The 
initial cooling rate of the samples was measured using a linear fit to the first twenty data points 
collected during cooling. Figure 57 shows the first twenty points for each of the cooling curves 
generated by the three cooling strategies. 
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Figure 57 sample cooling rates for various conditions 
As would be expected, conductive cooling with the copper mold accelerates sample cooling 
when compared to convective cooling in the argon atmosphere of the chamber. Additionally, using 
liquid nitrogen to cool the mold to -80 °C increases the cooling rate, but not by much. The initial 
cooling rates were calculated from the slopes of the lines in Figure 57 and are presented in Table 9. 
Due to the time and effort required to cool the mold to -80 °C, and the relatively small gains resulting 
from this effort, it was decided to discontinue efforts to use liquid nitrogen for accelerating the 
cooling rate of samples. 
Table 9 initial cooling rates from trials 
 
 Oxygen Gettering 
After initial testing with the IMPass, it became clear that greater atmospheric control was 
necessary to increase the value of data collected. Previously, it had been assumed, but not confirmed, 
that after pulling a vacuum on the system and backfilling with UHP Argon the atmosphere would 
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contain 1-2 ppm oxygen. While the individual cylinder of Argon being used was not certified UHP, it 
had been filled from a larger tank which was certified UHP. An Illinois Instruments 810 Series 
oxygen sensor was connected to the system in order to test the initial value of oxygen in the system. 
By maintaining a constant flow through the sensor of 0.15 liters/minute, and allowing the sensor to 
warm up for at least 10 minutes each time it was used, oxygen levels in the IMPass system could be 
checked before, throughout, and after experiments. 
It was found that initial oxygen levels varied more than expected, ranging from 1 ppm to over 
10 ppm. This was probably due to incomplete removal of oxygen from the system during vacuum 
draw because of oxygen condensing on the walls of the quartz and stainless steel components of the 
system. A flushing step was added to the procedure to help reduce the initial concentration of oxygen 
in the chamber. By backfilling with argon to dislodge these atoms from the system with turbulence, 
the atoms could be removed by immediately drawing vacuum on the chamber with the diffusion 
pump. This consistently produced initial oxygen levels below 10 ppm. 
Despite the fact that levels below 10 ppm could be achieved consistently, the chamber 
atmosphere would ideally contain only oxygen that was transported into the system by the UHP 
Argon, approximately 1-2 ppm. During the melting of magnesium samples in the IMPass, the 
tantalum susceptor reaches temperatures in excess of 1000 °C and will act as an oxygen getter, 
through the formation of tantalum oxide. Figure 54, shown in the Discussion section, shows the 
Ellingham diagram representation of the relative thermodynamic stability of several oxides, including 
tantalum oxide (Ta2O5) and magnesium oxide (MgO). 
By choosing a temperature, in this case the estimated temperature of the tantalum susceptor 
of 1000 °C, the equilibrium partial pressure of oxygen for each metal-oxide reaction can be calculated 
according to the following equation: 
[ 23 ] 
 
 It can be seen that tantalum will reduce the oxygen partial pressure to below 1x10^-24 
atmospheres, magnesia is lower on the Ellingham diagram and will continue to oxidize until the 
oxygen levels are reduced to 1x10^-38 atmospheres. While it is possible to use a different metal to 
getter oxygen levels below the equilibrium partial pressure of magnesium, this was not necessary for 
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the experiments at hand. In the gas atomizer, even UHP Argon as an atomization gas will contain 1-2 
ppm oxygen content, which equates to 1x10^-6 atmospheres.  
It was important to monitor the oxygen levels during experiments to verify that oxygen was 
being gettered by the tantalum susceptor and to establish a repeatable baseline oxygen level. Trials 
were conducted during which the system was drawn into vacuum, flushed with argon, evacuated a 
second time, then backfilled again. The oxygen level was then continuously monitored as the 
tantalum susceptor was heated up until the sensor gave a reading of zero. A magnesium sample was 
placed in the sample holder during these trials to monitor the temperature increase of the sample 
while gettering took place. It is important to minimize heating of the sample before the actual 
experiment, especially below 400 °C as that is when magnesium’s native oxide becomes non-
protective and excessive oxidation will occur. Two power settings were tested, 4 and 15% of the 
maximum current flow, and the gettering effectiveness was measured in two ways, oxygen level 
versus time and oxygen level versus temperature of the magnesium sample. These results are 
summarized in Table 10. 
Table 10 gettering rates using TA heater element 
 
It was found that using a higher power setting on the induction coil increased the rate of 
gettering. This was due to the fact that the tantalum susceptor was hotter and the oxidation reaction 
proceeded faster because diffusion of oxygen to the metal could proceed more rapidly. Using a higher 
power setting led to a higher sample temperature as well. It can be seen that at both power settings the 
sample temperature exceeded the 400 °C limit where the oxide layer becomes non-protective. It was 
necessary, therefore, to modify the system in such a way as to decrease the heating of the magnesium 
sample during the gettering process. 
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A second procedural change allowed for further reduction of oxygen levels in the chamber as 
well as continued monitoring of the oxygen levels during testing. A second tantalum element was 
suspended from the center rod in the IMPass, which also holds the sample basket and heating 
susceptor, to act as an oxygen gettering element. The induction coil could be adjusted vertically to 
couple with one susceptor or the other. Figure 58 shows a schematic of the gettering and heating 
configurations of the IMPass. 
 
Figure 58 schematic of gettering and melting setups 
 Trials were conducted in the same manner as before to test the gettering ability of the new 
tantalum element and its heating effect on the magnesium sample below. Temperature readings were 
still taken from the sample holder. Table 11 illustrates the process improvements as a result of this 
method by directly comparing the two previous high power runs with two new trials at high power.  
Due to the distance between the gettering element and the sample, heating was drastically reduced to 
40 °C. This allows a higher power setting to be used and thus shorter gettering times. An increase in 
the rate of gettering was also observed. This was probably due to the fact that the new piece of 
tantalum had not been exposed to as many heating cycles and was not oxidized to the extent that the 
other piece of tantalum was. This would allow the oxidation reaction to occur at a higher rate until the 
piece became more extensively oxidized.  
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Table 11 comparison of gettering rates with Ta heater and sacrificial elements 
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Appendix 2 
Nomenclature of Terms 
Variables used 
a acceleration m/s
2
   
A area m
2
   
CD drag coefficient -- 
  
CP specific heat at constant pressure J/g-K 
  
CV specific heat at constant volume J/g-K 
  
d diameter m   
f friction factor --   
g acceleration of gravity m/s
2
   
h height m   
h heat transfer coefficient --   
K thermal conductivity W/m-K   
M molecular weight g/mol   
m mass g/mol   
Ma Mach number --   
n number of metal molecules --   
Nu Nusselt number --   
P pressure psi   
P* critical pressure psi   
Pr Prandtl number --   
Q heat transfer rate J/s   
R ideal gas constant J/k-mol   
Re Reynold's number --   
RPB Pillings-Bedworth ratio -- 
  
S surface area m
2
   
T temperature K   
t time s   
V velocity m/s2   
W mass flow rate g/s   
W* critical mass flow rate g/s   
  
   
γ specific heat ratio --   
ϵ emissivity --   
ν kinematic viscosity m2/s   
ρ density g/m3   
σ Stefan-Boltzmann constant J/m2K4s   
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Subscripts 
c chamber 
d droplet 
g gas 
j jets 
Ma Mach 
o reservoir 
R relative 
s sound 
t throat 
w wall 
  
  
 
 
